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To predict the effect of fire on the structures, one needs to understand physics of 
the fire growth in a compartment as to how the fuel interacts with the flame and its 
surroundings. This study explores these effects and applies them to the common fuel 
configurations such as pool and crib fires. The focus on the study is on the fully-
developed fires where all available fuel becomes involved to the maximum extent and 
can potentially yield the severest damage to the structural elements. A single-zone 
compartment fire model is developed along with a fuel mass loss rate model that accounts 
for the thermal enhancement, oxygen-limiting feedback, and the fuel type and 
configuration. A criterion for a one-zone, fully-developed fire is established and validated 
with experiments. An empirical correlation for mixing of oxygen into the lower floor 
layer essential for the modeling is also developed. An experimental program for single-
wall-vent compartment using wood crib and heptane pool as fuels is carried out to 
validate the mathematical model and explore a full range of phenomena associated with 
  
fully developed fires: extinction, oscillation, fire area shrinkage, and response of fuel to 
thermal and oxygen effects. The simulation from the model is able to capture these 
phenomena and shows good agreement with the experiments. Some generalities of the 
fuel mass loss rate and compartment gas temperature are presented using the 
experimental results and the model simulations. The developed model has a potential to 
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eA  = Effective entrainment area 
FA  = Total fuel exposed area 
gA  = Bounding surface area 
wA   = Wall total surface area 
FpA  =  Total projected fuel surface area 
oCA ,   = Cross-sectional area of the vertical crib shafts 
bFA ,   = Burning fuel flux exposed area. 
bFpA ,  =  Projected flaming fuel surface area 
b   =  Thickness of wood stick, side dimension of the square stick 
B = B Number  
pc  = Specific heat at constant pressure 
vc   = Specific heat at constant volume 
C = Constant 
dC  =  Flow coefficient 
wC  =  Empirical wood crib coefficient 
plumeC  = Plume entrainment coefficient 
mixC  = Coefficient for mixing correlation  
pwc  =  Wall specific heat 
D  =  Diameter 
bD   =  Burning diameter 
*D  = Dimensionless fire diameter to opening height 
D̂   = Dimensionless fire diameter to opening width 
gF  =  Shape factor from fuel to the compartment gas 
wF  =  Shape factor from fuel to the walls 
g  = Gravitational acceleration 
h  =  Vertical coordinate 
ch  =  Convective heat transfer coefficient 
ambientch , = Convective heat transfer coefficient outside of compartment 
convfh ,  =  Flame convective heat transfer coefficient 
oH  =  Height of the opening 
wk  =  Thermal conductivity of the wall 
l  = Length scale 
L   =  Heat of gasification  




iL  =  Length of stick i 
jL  =  Length of stick j 
sL  =  Stick length 
mfL  =  Characteristic length scale for the flame volume 
mgL  =  Mean beam length for an entire uniform isothermal gas volume  
effL  =  Effective heat of gasification 
bsL ,  = Stick burning length 
m&  =  Mass outflow rate 
bm&  =  Burning rate 
em&  = Entrainment rate 
Fm&  =  Fuel mass loss rate  
om&  =  Incoming air flow rate 
um&  =  Rate of unburned fuel gases and soot 
uom ,&  = Incoming air flow rate between neutral plane and layer  
interface  
max,Fm ′′&  =  Asymptotic value for fuel mass loss rate 
oFm ,′′&  =  Free burning rate or fuel mass loss rate 
plumeem ,& =  Near-field entrainment rate for axisymmetric plume 
plumeom ,& =  Incoming flow 
*
em  = Dimensionless entrainment rate 
*
om  = Dimensionless inflow rate 
n  =  Number of stick per layer 
N  =  Neutral plane height, number of stick layers 
*N  =  Dimensionless neutral plane height 
op  = Pressure outside compartment 
P  =  Differential pressure at the floor 
netq&  =  Net heat to the fuel surface 
fq ′′&  =  Flame heat flux 
Externalq&  =  Total external heat feedback  
Extq&  =  Net radiation feedback to the non-flaming fuel area 
bExtq ,&  =  Net radiation feedback to the flaming fuel area 
wallq&  =  Heat transfer to the boundaries 
ventq&  =  Heat loss through the opening via radiation 
convq&  = Convection 
radq ′′&  = Radiative heat flux 




convq ′′&  =  Convective heat flux 
bExtq ,&  =  Net external heat transfer to the burning area 
radfq ,& ′′  =  Flame radiative heat flux 
convfq ,& ′′  =  Flame convective heat flux 
netfq ,& ′′  =  Net flame heat flux 
onetfq ,,& ′′  =  Net flame heat flux without compartment 
Q&  =  Energy release rate or fire power 
lossQ&  =  Total heat loss 
*
plumeQ  =  Dimensionless driving force for the plume 
r  =  Stoichiometric mass of oxygen to fuel ratio 
R  = Gas constant 
s  =  Stoichiometric mass of air to fuel ratio 
S  =  Window sill height 
*S  =   Window sill dimensionless height 
T  =  Compartment gas temperature, upper gas temperature 
vT  =  Fuel temperature or the gasifying temperature 
fT  =  Flame temperature 
oT  =  Ambient temperature 
lT  = Lower layer gas temperature 
uT  = Upper layer gas temperature 
vT  = Fuel vaporization temperature 
wT  =  Wall surface temperature 
∞T  = Surrounding temperature near fuel 
ev  = Entrainment velocity 
*v  = Characteristic velocity of incoming air 
V  =  Compartment volume 
gV  =  Volume of the gray gas body 
oW  =  Width of the opening 
sX  = Soot volume fraction 
fsX ,  = Soot volume fraction in flame 
sy  =  Mass yield of soot per mass of fuel burn 
sY  =  Soot mass fraction 
oxY  =  Oxygen mass fraction 
∞,oxY  =  Oxygen mass fraction near fuel 
loxY ,  =  Lower layer oxygen mass fraction, oxygen mass fraction feeding 
the flame 




ooxY ,  =  Oxygen mass fraction in free burning, ambient oxygen 
z  =  Vertical coordinate 
Z  =  Layer interface, smoke layer height, thermal discontinuity 
*z  =  Dimensionless smoke layer height 
refz  =  Reference height  
*Z  = Dimensionless smoke layer height with sill adjustment 
rχ  =  Radiation loss fraction 
gε  =  Gas emissivity 
fε  =  Flame emissivity 
wε  =  Emissivity of the wall 
φ  =  Equivalence ratio  
gκ  =  Absorption coefficient of the gas  
fκ  =  Absorption coefficient of the flame 
ρ  =  Compartment gas density 
fρ  =  Flame density 
oρ  =  Gas density outside of the room 
sρ  =  Soot density  
wρ  = Density of the wall 
σ  =  Stefan-Boltzmann constant 
 oxω&  =   Rate of oxygen reacted within the control volume 
ψ  =  Combustion parameter 
chΔ  =  Heat of combustion per unit mass of fuel 
oxhΔ  =  Heat of combustion per unit mass of oxygen 
pΔ  =  Pressure difference at any height 
BpΔ  = Pressure difference at the bottom edge of the opening 







1.1 Background  
A fully-developed fire is defined as the stage of fire where all available fuels 
become involved and the fire burns at its maximum potential according to the limit 
amount of the available fuel (fuel-controlled fire) or the available air supply (ventilation-
controlled fire). At this stage, the heat flux conditions in the room can reach as high as 
150 kW/m2 [1] and a highest gas temperature can achieved in the range of 700 to 1200 ºC 
[2] which can possibly cause severe damage to the structure. Hence, the fully-developed 
stage is the greatest concern to the design for the structural stability and the safety of the 
firefighters.  
 
In most buildings, fires in common residential spaces and offices become 
ventilation-controlled when the fully-developed stage is reached. In ventilation-controlled 
fires, all of available fuel gases are not consumed by the flames and these gases can burn 
as they pass through the openings causing the flames to emerge windows and doors. For a 
large fire at the fully-developed stage, the compartment is often filled with the smoke and 
the layer interface is close to the floor. Such a condition can be termed the well-mixed 
stage where the gas is assumed to have uniform properties throughout the compartment. 





In a structural fire protection design, the information of the maximum temperature 
and fire duration is necessary to obtain a proper fire protection system for a given room 
with ventilation and fuel load configurations. To achieve such a requirement the burning 
rate and the fuel mass loss rate must be correctly calculated by taking into account for the 
fuel response to the thermal feedback enhancement from the enclosure and the vitiated 
oxygen effects. Current design tools including correlations and mathematical fire models 
do not address the fuel response; hence the burning time and temperature may not be 
properly predicted. 
  
This dissertation presents a study that may fulfill the incompleteness of the 
current design tools by establishing a single-zone fire model that addresses the fuel 
response to the thermal feedback and limited oxygen effect and potentially gives the 
burning time and temperature for any fuel, scale, and ventilation. 
 
1.2 Literature Review 
A large number of studies in enclosure fire have been carried out through the last 
four decades. Experimental data obtained from those studies are significant for 
understanding the physics of fully-developed compartment fires as well as developing 
theoretical models which could effectively predict useful results such as the burning rate 
and gas temperature. However, it may not be possible to reference all available sources, 
but a concise review of relevant work is presented here in two categories: (1) 






1.2.1 Experimental Studies 
Since the early work by Ingburg [3], many experimental data has been obtained 
for fully-developed compartment fire. Kawagoe [4, 5], one the pioneer researchers, 
studied the roles of ventilation and he was the first to  introduce the relationship of the 
burning rate and the ventilation parameter, oo HA , in fully developed compartment fires 
with small openings.  
Gross [6] examined the burning rate of a combustible-fiberboard crib in enclosure 
of three different sizes and found that the mass loss rate was proportional to the 
ventilation parameter, oo HA , although there were shifts in the data that resulted from 
different scales. He then employed a scale factor which represented the ratio of linear 
dimensions relative to the reference enclosure size to normalize the burning rate and 
ventilation parameter.  
A comprehensive analysis on the results of the well-known C.I.B. test (a co-
operative test program on fully developed fires in single compartment performed by eight 
laboratories in 1958) was given by Thomas and Heselden [7, 8]. In these tests the burning 
of wood cribs under a wide range of compartment shapes was measured. Various 
relationships between the mean burning rate, mean intensity of radiation and the mean 
gas temperature and parameters of the compartment and fuel were introduced 
empirically, and some by a theoretical consideration of the heat balance. The effects of 
scale were found to be minor which justified the use of small the scale compartments. 
The fuel mass loss rate was presented in the form of ooF HAm /&  which had an averaged 




expression ooF HkAm =& for ventilation controlled fire in various experiments, both in 
small and full scale, and it was found to be approximately 6 kg/min-m5/2. This was under 
the condition of a minimum 150 kg of fuel/m2 of ventilation opening area. The constant k 
value was also in an agreement with work done by Kawagoe and Sekine [5]. It was noted 
that the averaged value of the term ooF HAm /&  from C.I.B test was found to be 
correlated with the geometry of the compartment and ventilation; the burning rate, 
therefore, was also normalized in the form of  2/1)/(/ WDHAm ooF&  and presented as a 
function of ooT HAA / . 
Tewarson [10, 11] published an experimental study on enclosure fires using both 
crib fire (cellulosic materials) and pool fire (ethyl alcohol and paraffin oil). Four burning 
regions were categorized based upon the characteristic variations of the ventilation 
parameter, burning rate, gaseous product mole fraction, and temperature. An empirical 
expression to estimate the ventilation parameter required for the interface of regions 
which corresponded to extreme danger i.e. producing the most toxic gas concentration 
were also given.  
Takeda and Akita [12] found that as the ventilation or opening area of the 
compartment window increased, the burning of methanol changed from regimes of  (I) 
extinction, (II) stable laminar burning, (III) unstable oscillations, and finally (IV) steady 
burning, including the possibility of oscillations. Tewarson [11] and Kim et al.[13] also 
found similar behavior. Ghosting flame, type of unstable flame that drifting away from 
the fuel surface was observed in the methanol pool fire experiment by Sugawa et al. [14]. 




more recent study by Bertin et al. presented some diagnostics of the ghosting flame for a 
small-scale wall-fire experiment. 
Harmathy [16, 17] published an extensive review of compartment wood crib fires. 
He claimed [18] that the conventional concept of fully developed ventilation-controlled 
fires, according to which the shortage of air in a compartment limiting the rate of burning 
was somewhat untenable based on the observation of a multitude of compartment 
experiments. He introduced a different form of ventilation parameter as 
oo HAgρ which was then normalized by with the fuel area, AF, to represent the ratio 
of air flow rate available to the fuel flow. By using experimental data from various 
sources, Harmathy showed that there were two distinct regimes of the burning rate. These 
two regimes were known before as fuel bed controlled regime and ventilation controlled 
regime. A critical value of Foo AHAg /ρ  and a linear relationship of the burning rate 
and the ventilation parameter were defined empirically. He also pointed out clearly that 
for the ventilation controlled regime the burning depended on both the shape and size of 
the compartment. In addition to his previous work, Harmathy found that [19] the burning 
of non-charring fuels was virtually unaffected by the ventilation level, whereas charring 
material burned faster up to a maximum as the flow rate of air increases. Bullen and 
Thomas [20] presented burning rates per unit area of pool and crib fires in terms of 
Foo AHAg /ρ and found a distinction between the two fuel types.  
Propane pool fire experiments by Santo and Delichatsios [21] showed that the 
vitiated air supply considerably affected flame radiation to decrease. They also suggested 




temperature. Tewarson et al. [22] also found for plastic and liquid pool fires that the 
flame radiative heat flux increased as the oxygen concentration increased.  
Peatross and Beyler [23] performed an experimental study on full-scale 
compartment fires with natural and overhead forced ventilation to access the effect of the 
ventilation on the compartment fire behavior. The fuels included diesel fuel, wood cribs, 
and polyurethane slabs. A well-mixed condition for oxygen concentration was found for 
all forced ventilation tests. They also found that the reduced oxygen concentration at the 
flame base caused the reduction in the fuel mass loss rate, and a linear relationship 
between them was observed. Thermal enhancement was not included in their analysis.  
Such an effect, however, could be relatively low in their wood crib experiments and the 
large diesel pool fires due to the scale effect on flame emissivity. 
Fleischmann and Parkes [24]conducted pool fire experiments using heptane pool 
fire with 20 cm diameter. The ventilation was varied by adjusting the opening width and 
height. They reported the mass loss rate to be nearly 7 times higher than the free burning 
due to the thermal feedback enhancement. The experiments were compared with the 
prediction using a closed form approximation of COMPF2 [25], a single-zone model in 
which the effect of vitiated oxygen was not included. The prediction showed a lower gas 
temperature for most cases than the experiments. The discrepancy can be due to the 
oxygen vitiation effect that was not accounted for by the model. 
 
Delichatsios et al.[26, 27] analyzed the experiments by Ohmiya et al. [28] and 
demonstrated the effects of fuel type, area and geometry on the mass loss rate. Their 




of the mass inflow rate and the dependence of the mass loss rate on the inflow rate varied 
as the temperature distribution in the enclosure changed from uniform to stratified. They 
also found that not all the exposed fuel area was involved in burning. However, a clear 
explanation for the reason of the mass loss rate dependence on the inflow rate was not 
given. 
Experiments for two ventilation openings have been conducted by Kumar et 
al.[29] to study the effect of cross ventilation on the gas temperature and the fuel mass 
loss rate. They found that the temperatures in cross ventilation condition are higher than 
those in single ventilation for a large fire size.  
 
In recent studies carried out at the University of Maryland, experiments were 
conducted using a 40 cm cube compartment burning heptane in varying diameter pans. 
Wakatsuki [30] studied single ceiling vents, Ringwelski [31] studied equal area vents at 
the top and bottom of a wall, and Rangwala [32] examined a one-zone model of the wall 
vent case.  In addition, Utiskul et al [33] focused on the ventilation effects and in 
particular the region of low ventilation burning of heptane pool fires and examined the 
wall case with additional instrumentation. Hu et al.[34, 35] have simulated the 
experiment by Utiskul using FDS by to characterize the dynamics of the compartment 
fires under poorly ventilated. Fundamental experiments used to characterize the local 
flame response to vitiated air conditions have been conducted by Williamson et al. [36] 
with the emphasis on to local effects to serve as a basis for the flame dynamics within a 





Some current full-scale experimental programs have been conducted as part of an 
international collaborative fire model project (ICFMP) to use as the benchmark exercise 
series for fire modeling. 4 full-scale test series [37-40] were completed and available to 
the public.  
 
1.2.2 Correlations and Models 
Kawago and Sekine [5] have computed temperature-time curves by integrating 
the energy balance of compartment fires with the time. This method was limited to 
ventilation controlled fire with a constant rate of heat release. Lie[41] has proposed a 
parametrical expression that that fitted Kawagoe’s computed temperature-time curves. 
McCaffrey et al [42] have proposed a method for predicting the upper layer gas 
temperature of a pre-flashover compartment. This later called MQH correlations and was 
based on a simplified energy balance and some simple assumptions to estimate the loss of 
energy to the wall and vents.  Several parametric methods and temperature correlations 
were developed from many sources and researchers: Eurocode [43], Tanaka[44], 
Magnusson and Thelandersson[45], Harmathy[16], Babrauskas[25], Law [46], and etc. A 
comprehensive review for these correlations are found in the SFPE’s engineering guide to 
fire exposures [47]. Nevertheless, these correlations have not include the fuel response to 
thermal feedback and the vitiated oxygen.  
One-zone models were first developed in the sixties and aimed at modeling the 
post-flashover fire phase. Two-zone models for application in solving compartment fires 
originated in the mid-1970s.  Several groups: Harvard, IITRI, NIST, BRI (Japan), CSTB 




fire phenomena in broad strokes of a homogeneous upper and lower layer of room gases, 
penetrated by a fire plume.  Models of individual physics and chemistry make up the 
subroutine strung together by conservation of mass, species and energy for each of the 
layers, and orifice flow through wall vents based upon models to describe the primary 
transport of gases.  Plume entrainment studies gave empirical correlations to describe the 
uptake of lower layer gases into the hotter upper layer.  Many phenomenological aspects 
were brushed over or only slightly included. The most sophisticated models used to 
simulate compartment fires are CFD models also called field models. The CFD modeling 
technique is used in a wide range of engineering disciplines and is based on a complete 
time-dependent, three-dimensional solution of the fundamental conservation laws [2]. 
CFD models are now considered to be mature in fire applications and give the most 
complete prediction; however, the drawback of CFD technique is that it is computational 
and time demanding. Also CFD model cannot adequately resolve on scales and therefore 
need special models for turbulence and combustion. 
 
A comprehensive report for the computer fire models has been presented by 
Friedman [48] and recently updated by Olenick and Carpenter [49]. Friedman also 
provided some discussion on specifying the fire in the models and emphasized that for a 
more realistic fire that includes fuel response to the vitiated oxygen and thermal feedback 







1.3 Problem Statement and Scope of the study 
Current theoretical models do not include fuel response to vitiated oxygen and the 
burning enhancement from the hot gas and enclosure (from literature review [48-59]). 
Hence, the temperature and the fire duration may not be correctly predicted. Existing 
experimental data are presented for different scales and described in different variables, 
but usually in terms of a ventilation factor. These data at different scales, however, have 
not been fully organized such that their generality may become acceptable to use in the 
design.  
 
This study will address the problem within the scope of the fully-developed 
compartment fires. Only a single-wall vent configuration, doorway or window, is 
considered. A uniform property assumption is employed in the development of a 
theoretical model and its validity is given by a criterion of the fire size and the opening 
configuration presented later in the dissertation.  
 
1.4 Objective and Methodology 
The objective of the dissertation is to establish a fully-developed compartment 
fire model to predict the fuel mass loss rate and the average temperature for fully-
developed compartment fires as a function of fuel type and configuration, compartment 
size, ventilation, wall properties and physical scale. To achieve our goal, the following 




1.) A single-zone model that addresses the fuel response, scale effect, and flame 
extinction is formulated. The compartment heat transfer is properly treated 
and the burning area in ventilation limited fire is also addressed. 
2.) A near-vent mixing correlation characterizing the mixing between the 
smoke layer and the incoming air flow is developed based on controlled 
experiments to estimate the near-flame oxygen concentration necessary to 
predict the compartment fuel mass loss rate.    
3.)  A criterion for a single-zone model justification in compartment fires is 
examined and used as the scope of the study. 
4.) Key experiments for single-wall-vents are carried out to validate the single-
zone model and explore the phenomena associated with the fully-developed 
fires through a range of ventilation.  
 
1.5 Contents 
The contents of this dissertation are as follows: 
Chapter 2: A theory of the compartment burning rate and the fuel response to the 
thermal feedback and ventilation effect are described in detailed with the application to 
the pool and crib fire. Discussions on ventilation-controlled burning area, flame and 
smoke emissivities, and flame extinction theory are included. A validation of the theory 
for the fuel mass loss rate is presented.  
Chapter 3: A review of the part studies on mixing phenomena is given and a new 




and the measurement method are presented. The mixing correlation from the past studies 
is evaluated with the current experimental results.  
Chapter 4: A justification the use of a single-zone model based on the smoke layer 
height is discussed. A simplified method to determine the smoke layer height is presented 
and validated with the experimental results. A criterion for the single-zone model to be 
valid as a function of fire size and the opening configuration is given. 
Chapter 5: A formulation of the single-zone model is presented in details. A 
summary for the conservation relationships, compartment heat transfers, fuel mass loss 
rate model and criteria for energy release essential to zone modeling are given. The 
description for the numerical solver and time integration method is also presented. 
Chapter 6: Description of the key experiments is provided. Observations are 
described on a full range of fire phenomena found in experiments: response of fuel to 
thermal and oxygen feedback, oscillations, and fire area shrinkage. The experimental 
results are presented along with the model simulations to validate the performance of the 
model and show some generalities. The fuel type and scale effects are examined.  
Chapter 7: Concluding remarks of the study are drawn. Limitation and potential 





Burning Rate and Fuel Behavior in Compartment Fires 
 
2.1 Introduction 
To predict the effect of fire on the structures, one needs to understand physics of 
the fire growth in a compartment as to how the fuel interacts with the flame and its 
surroundings. More specifically, the fuel burning rate which mainly controls the 
temperature rise can be predicted by studying the effects of ventilation and thermal 
enhancement on the fuel. This chapter explores these effects and applies them to the 
common fuel configurations such as pool and crib fires. Some important discussions on 
ventilation-controlled burning area, flame and smoke emissivities, and flame extinction 
theory are also included in this chapter. 
 
2.2 Compartment Burning Rate 
The burning rate is defined as the rate at which the fuel, usually but not 
exclusively in the gas-phase, is consumed by the chemical reaction within the enclosure. 
The burning rate plays a significant role in compartment fire because it represents how 
much energy is released into the system. The energy release rate or fire power, , within 
the enclosure is given as 
Q&




where is the burning rate andbm& chΔ is the heat of combustion per unit mass of fuel. In 
some literature, however, the term burning rate was used to describe the fuel mass loss 
rate. While these two rates may arguably follow the same trend; they have completely 
different meaning. The fuel mass loss rate refers to the rate at which a condensed-phase 
fuel is decomposed to gases due to the energy transferred from its surrounding heat 
sources such as flames, hot gas, and enclosure walls. We can describe the relationship for 
the mass loss rate and the burning rate assuming there are no inerts in the evolved fuel as 
follow:  
[Fuel mass loss rate] = [Burning rate] + [Rate of unburned fuel gases and soot] 
or 
ubF mmm &&& += .       (2.2) 
In a situation where there is no unburned fuel gas, the value of burning rate and 
fuel mass loss rate are identical. A parameter that is generally used to describe the 
burning and mass loss rate relationship is known as the global equivalence ratio which is 








φ ,          (2.3) 
where is the incoming air flow rate and s is the stoichiometric mass of air to fuel ratio. 
When
om&
1<φ , a compartment fire is termed over-ventilated and no unburned fuel exists. As 
for 1≥φ , the amount of fuel mass is more than what is needed stoichiometrically and all 
of the available oxygen is consumed by the chemical reaction, thus the burning is 




condition. This leads us to another way of presenting the burning rate and fuel mass loss 
rate as follows: 
1 ;      














        (2.4)  
In compartment fire experiments the fuel mass loss rate can be directly measured 
using weighing cells to track the weight of the fuel over time; however, measurement for 
the burning rate may not be done directly especially in the under-ventilated condition.  
The detection of burning may require other special methods such as unburned 
hydrocarbon measurements or calorimetry for the compartment fire system. The latter 
still faces some difficulties as there is the potential for flames to burn outside of the 
compartment where there is plenty of air supply. 
 
In order to predict the burning rate, the fuel mass loss rate must be accurately 
known as appears in Eq (2.4). This is always true even for the under-ventilated condition, 
where burning depends on available air, because the fuel mass loss rate also determines 
the burning state as shown in Eq (2.3). The following sections describe our methodology 
in predicting the fuel mass loss rate.  
 
2.3 Compartment Effect on Fuel Mass Loss Rate 









where is the net heat to the fuel surface and L is the heat of gasification depending on 
the fuel type. It shall be noted that this expression is based upon a quasi-steady 
assumption; although, it is suitable to describe the expenditure of the fuel mass loss with 
or without the presence of compartments giving that the fuel responses fast to the changes 
of the net heat transfer. Let us first consider the burning in an open environment case 
(free burning). Without an enclosure, the heat to gasify the condensed fuel in Eq. (2.5) 




,, vbFbFfnet TAAqq σ−′′= && ,       (2.6) 
where is the flame heat flux, is the burning fuel area (exposed to or covered by 
flames), and is the fuel surface temperature or the gasifying temperature. As for 
burning in the compartment where the smoke is enclosed and the wall is hot, the net heat 
to the fuel is then given as 
fq ′′& bFA ,
vT
ExternalvbFbFfnet qTAAqq &&& +−′′=
4
,, σ ,      (2.7) 
where is the total external heat feedback from smoke and compartment wall 
surfaces. It is obvious that the external heat is one of the main differences between the 
free burning and the compartment burning; however, the flame heat flux in the 
compartment may differ from that in free burning as described by Tewarson [22] and 
Santo and Delichatsios [21]. The flame heat flux depends on the local oxygen 
concentration and in a compartment that will be reduced due to mixing between smoke 
and incoming air when the opening size decreases. Thus, there are two effects on the 





2.3.1 Ventilation Effects 
To examine the effects of the ventilation on the fuel mass loss rate, we first look 
at the flame heat flux which is composed of radiation and convection parts as follow: 
convfradff qqq ,, ′′+′′=′′ &&&         (2.8) 
From the stagnant layer solution [60], the flame convective heat flux can be written as 































TTcrhY vpcox ∞∞ −−Δ= ,B , 
     is the surrounding temperature near fuel, ∞T
  is the oxygen mass fraction near fuel, and  ∞,oxY
 is the convective heat transfer coefficient. convfh ,
By assuming small B number, the blocking factor, ( ) B/B1ln + , converges to 1, hence Eq. 





















,& ) .     (2.10) 
As for the radiative component,     
4
, ffradf Tq σε=′′& ,        (2.11) 
where fε is the flame emissivity, and is the flame temperature. Rewrite the flame heat 





















∞& , or     (2.12) 








∞&      (2.13) 
By neglecting the second term in the right hand side of the Eq (2.13) for its small 
contribution and based on Tewarson [22] that the flame radiation, , decreases as the 
oxygen concentration is decreased, we may see that the flame heat flux only depends on 
the local oxygen concentration. Hence, as a first order approximation,  
4
ff Tσε
loxf Yq ,~′′& ,         (2.14) 
where is the oxygen mass fraction feeding the flame. We also expect the net flame 
heat flux, , to follow the same behavior.  
loxY ,
4
, vfnetf Tqq σ−′′=′′ &&
loxnetf Yq ,, ~′′& ,         (2.15) 
In free burning case, the flame heat flux is also 
ooxonetf Yq ,,, ~′′& ,         (2.16) 
where is the oxygen fraction in the free burning generally equals to 0.233. Thus, 


























,,, ′′=′′ && .        (2.18) 




Lmq oFonetf ,,, ′′=′′ && ,        (2.19) 
where is the free burning rate or fuel mass loss rate in opened environment per unit 









,, ′′=′′ && .        (2.20) 




















,, ,       (2.22) 
where is the burning fuel exposed area. For over ventilated fire, bFA , 1<φ , equals to 
the total fuel exposed area, ; however, for under ventilated case needs a more 




As the opening size is reduced, the mixing between the smoke and the incoming 
air will increase and the oxygen feeding the fire will be reduced, and the fuel mass loss 
rate will correspondingly be reduced as described by the first term on the right hand side 
of Eq (2.22), which here will be called the ventilation effect from this point on. This 
phenomenon has been observed in many experimental studies and represents the 
ventilation-controlled burning [9, 16, 18, 33]. The ventilation effect in Eq (2.22), 




rates, , which are either available in the literatures for various fuel types and 
configurations or possible to obtain experimentally.  
oFm ,′′&
 
A common correlation for the free burning rate per unit area of large liquid pool 
fires ( 2>D m) is given as [61] 
( )ff LFoF emm κ−−′′=′′ 1max,, && ,       (2.23) 
where is the asymptotic value for fuel mass loss rate, max,Fm ′′& fκ is the flame absorption 
coefficient depending on the fuel type, and is the mean beam length. For a cylindrical 
shape flame  with a diameter (D), 
fL
DLf 66.0= [2]. For a heptane pool (C7H16) the 
asymptotic fuel mass loss rate is 0.101 kg/m2s and the flame absorption coefficient is 
1.66 m-1 [62].  
 
A dimensionless correlation describing the time-average free burning rate per unit 

































,& ,     (2.24) 
where b is thickness dimension of a stick, s is the spacing between sticks, is the 
cross-sectional area of the vertical crib shafts, and C
oCA ,
w is the empirical wood crib 
coefficient given by Block [64] for some species of wood as 1.03 mg/cm1.5 for Ponderosa 
pine, 1.33 for Oak, and 0.88 for Sugar pine. The exposed fuel surface area, , for wood 





For a square footprint crib,  
[ mnNmnnbAF −++−= 22)21(2 ],       (2.25) 
where N is the number of stick layers, n is the number of stick per layer, b is the side 
dimension of square stick, is the stick length, and sL bLm s /= . 
For a rectangular footprint crib, 
( ) ( ) ( )[ ]jijjijjjiiiF nnnnnnmnnNNnmbA −+−+++−= 322122  ; for even N, (2.26) 
( )( ) ( )( )[ ]jijiijjF nmNNnmnnmNbA −++++++−= 2211212 ; for odd N,  (2.27) 
where ni and nj are the number of stick i and j per layer respectively, Li and Lj are the 
length of stick i and j respectively, bLm ii /= , and bLm jj /= . The derivation for Eq. 
(2.25) to (2.27) is provided in the Appendix.  
 
In addition to the free burning rate, another variable needed to estimate the effect 
of the ventilation is the concentration of the oxygen feeding the flame ( ). In room 
fires when the vent is small and the smoke layer descends close to the floor, the entering 
cold fresh air stream can be contaminated by the smoke due to the buoyancy and shear 
mixing [65] occurring near the vent. This phenomenon, called vent mixing, leads to the 
reduction in oxygen feeding the flame and it is therefore an important factor to explain 
the effect of ventilation on the fuel mass loss rate in the compartment fires. The 







2.3.2 Thermal Effect 
From the previous section we see that the effect of ventilation on fire is the 
reduction in burning due to the oxygen deficiency. The thermal effect however plays the 
enhancement part of the burning [66]. It is the external radiation feedback that leads the 
room fire from the growth phase to the flashover and fully-involved stage. In general, the 














area fuel flaming-non the
ofeedback tradiation Net 
area fuel flaming  theto
feedbackradiation Net 
Externalq&     , or 
ExtbExtExternal qqq &&& += ,         (2.27) 
It is necessary to distinguish between the flaming and non-flaming fuel surface 
areas for the net radiation feedback due to the fact that (1) in ventilation-limited burning 
the flame only burns at the available amount of supplied air and may not pyrolyze or 
cover the entire fuel surface area [67], and (2) for a thick flame which has a large 
emissivity, the radiation feedback may not be so significant in the flaming area since it 
may not penetrate through the thick sooty flame. Figure 2.1 illustrates the flaming and 







Figure 2.1a gure 2.1b  
Figure 2.1 External radiation feedback on flaming and non-flaming surface area for a 





respectively as following: 
e net radiation feedback to the flaming and non-flaming fuel area can be give
( ) ( ) ( )( ) ( )4444 ,,, 111 owbFpgfwobFpgfgbExt TTAFTTAFq −−−+−−= εεεε& , and (2.28) 
( )( ) ( )( )( )44,44, 1 vwbFpFpgwvbFpFpggExt TTAAFTTAAFq −−−+−−= εε& ,  (2.29) 
where T is the compartment gas temperature, is the ambient temperature, is the wall 
temperature, is the fuel vaporization temperature or the fuel surface temperature, is 
the shape factor from the fuel to the compartment gas, is the shape factor from the fuel 
to the walls, is the projected flaming fuel surface area, and is the total projected 




 bFpA , FpA
fε , and the smoke, gε , will be addressed 
in more detail in section 2.4.  
iven as 
;   for a square footprint crib, or 
For a pool fire, the projected area, A , is identical to the exposed area , but for 




( )bNLLLLA jijiFp ++= 2 ;  for a rectangular footprint crib.  (2.30) 
The above expressions are only intended to approximate the crib area affected by the 
radiation feedback. This is because the external heat transfer mostly radiates to the outer 
sticks surface but moderately to the internal sticks. As for the flaming projected fuel area, 
FpbFp AA =,  when 1<φ . Similarly to the exposed area, when 1≥φ , bFpA , needs to be 
approximated based on how much the fuel is actually burned and will be discussed 




It should be noted that while the enhancement by radiation feedback can be 
significant for pool fires or the case where flame spread on a horizontal surface as seen in 
some l
 Flame Emissivities 
To estimate the radiation feedback the emissivity of the smoke or the upper gas 
ed on a gray gas assumption the emissivity of the 
flame, 
iteratures [12, 20, 24, 33], it may appear to be minimal for crib fires or some 
furniture items [68]. This small effect for cribs is due to the following reasons: (1) the 
intensity of flaming and pyrolysis of the crib primarily comes from the internal sticks 
which is due to its internal radiation among sticks; relatively small amount comes from 
the outer sticks surface, (2) the wood crib flame can be very sooty and hence prevents the 
external radiation to penetrate through the thick flame and reach the crib outer surface, 
and (3) the crib outer surface area is a small fraction of the total wood exposed surface 
area in a crib. 
 
2.4 Smoke and
layer and the flame are needed. Bas
composed of soot uniformly distributed, can be given as [69] 
( )mfff Lκε −−= exp1 ,        (2.31) 
where fκ is an absorption coefficient of the flame which depends on soot volume 
is a characteristic length for the flame volume or a mean beam length 
om
fraction, and mfL
which depends on the volumetric configuration and on the orientation of the flux 
direction[2]. S e effective absorption coefficients have been given from literature as 
0.5 - 0.8 m-1 for wood cribs [70, 71], and 1.6 m-1 for large heptane pool [62].  For the 




surface, the corrected (for finite optical thickness) mean beam length [72] is given as 
follow:   
DL 6.0= .          (2.32) mf
The mean beam length given above is suitable for common fuel configurations such as 
circular pool fires and square crib fires; how
 
Howev
ever, it may be different for a fire with the 
short-width and long-length base. That being said, we shall use Eq. (2.32) to approximate 
the emissivity of the flame for all fuel configurations in this study. For pool fires, D is the 
diameter of the fuel pan; for crib fires, D refers to the shortest edge of the crib footprint.  
The emissivity of the upper gas layer can be fundamentally estimated by the 
calculation code developed by Modak [73] provided the gas compositions are known.
er, Quintiere and McCaffrey [68] showed that a simpler empirical approach could 
also give reasonable predictions for the upper gas emissivity which had a good agreement 
with the result from Modak’s code. In this study we will employ the simpler approach for 
computational convenience. The gas emissivity of the upper is given as 
( )mggg Lκε −−= exp1 .        (2.33) 
The mean beam length, , for an entire uniform isothermal gas volume radiating to its 




V36.0 gL = ,         (2.34) 
where the s the vo
following analysis is provided to obtain the absorp ficient, 
gV i lume of the gray gas body and gA  is the bounding surface area. The 








= ,          (2.35) 
where sρ is the soot density and  is the soot mass fraction. Assuming a stoichiometric 




























,         (2.37) 
where  is the mass yield of soot per mass of fuel burn, s is the stoichiometric mass of sy
air to fuel ratio and fρ is the flame density. Consider a control volume of a compartment 
 
Figure 2.2 Control volume diagram for soot mass fraction in a compartment fire. 





( ) bsss myYmYdt
dV && =+ρ ,       (2.38) 















































































































ooTT ρρ = and ff TT ρρ =Assuming ideal gas and constant pressure, . We have 





























ρ .     (2.43) 
Since the spectral absorption coefficient is proportional to soot volume fraction [72] 






















1κκκρ .      (2.44) 






















































































     (2.47) 
This gives an approximation for the quasi-steady emissivity of the upper layer gas or the 
smoke in the compartment fires. 
 
2.5 Burning Area in Ventilation Limited Fires 
ntal study on long and wide enclosures. They reported 
at after ignition the flame formed itself at the front of the fuel tray closest to the vent. 
d, the flame moved towards the rear of 
the enc
Thomas and Bennetts [67] observed flames partially burning over a series of 
liquid fuel trays in their experime
th
Later, when the fuel in the front tray was exhauste
losure (away from vent) to the next adjacent tray. This behavior takes place 
because the compartment reaches the ventilation-limited condition where the burning is 
controlled by the amount of supplied air. We also experienced the same phenomena in 
our experiment programs (Chapter 6) with distributed fuel packages all over the floor. 
Motivated by such observations, we offer a reason why only a certain amount of fuel area 




certain area to match its needed fuel, and then “moves” when the local fuel is exhausted. 
The following analysis is put forth to estimate the burning area  in ventilation-limited fire 









bFpbExtlox ,,, ′′+′′= && .      (2.48) 
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.      (2.49) 
For pool fires, the exposed area is identical to the projected area ( ), hence 
upon rearranging we have 





























.      (2.50) 




























&π .      (2.51) 
Substituting the emissivities of the smoke and the flame discussed in section 2.4 with 
 into the term (given by Eq. (2.28)), we can iteratively solve for the burning 
diameter,  and hence obtain the fue
As for crib fires, to estimate the burning area when 
bDD = bExtq ,′′&
bD , l burning area for pool fires. 
1≥φ  the following assumptions are 




not change, and (3) the ratio of sLn is kept constant. Substituting Eq. (2.25) and (2.30) to 












⎝ ⎦⎣ .  (2.52) 


















YLnLLnLLnbm 2 ⎞⎛ ⎤⎡&
bsLD ,= and iterating Eq. (2.52), we can obtain the 
stick burning length, , which provides the fuel exposed area and flaming projected 
area for crib fires.  
 
2.6 Flame Extinction Behavior 
ay
parameter but by a flammability line that is based upon a critical flame temperature 
below which the extinction occurs. The flame temperature can be determined by the level 
of supplying oxygen and the temperature of the incoming air stream and hence shows the 
dependency of flame extinction on oxygen level and temperature in the immediate 
surroundings. This flame temperature is what would occur at the flame sheet by theory. 
The flame temperature can be given as [75]  
bsL ,
It has been shown in previous studies [33, 75] that the flame extinction behavior 





















where fT is the flame temperature, lT is the lower layer gas temperature, is the lower 
ass fraction, r etric mass of oxygen to fuel ratio, is 
the net external heat feedback in the flaming 
and oxygen mass fraction also denotes the near flame or locally feeding the flame 
condition. This equation assumes negligible flame radiation at extinction and applies 
, d 




ng with the effect of the oxygen reduction and thermal feedback has been 
arefully elaborated; however, an evaluation of the theory is needed to ensure its 
assessments have been 
done b
loxY ,
layer oxygen m  is the stoichiom bExtq ,&
area given in Eq. (2.28) and m&  is the b
burning rate given in Eq. (2.4). It should be noted that the subscript l in the temperature 
generally to diffusion flame due to condensed phase burning. Given Y an T  are 
known, the flame temperature can be solved for. If is less than a critical flame 
2.7 Experimental Evaluation fo Fuel Mass Loss Rate T eory 





usefulness. This concept, in fact, is not entirely new and some 
efore. Quintiere and McCaffrey [68] predicted the mass loss rate of wood and 
plastic cribs using the same theory and the comparison with measured value showed a 
good agreement. Ringwelski [31] also calculated the mass loss rate of heptane pool in 
small-scale compartment with some success. In this section, some evaluations of the 
compartment mass loss rate model will be provided for the common fuel configurations, 





The fuel mass loss rates were calculated as described in the previous sections and 
compared to the measured value. The calculation was based on the measured value of the 
local oxygen level ( loxY , ), upper gas temperature (T ), the compartment wall temperature 
(T ), and thw e free b g rate ). The calculation assumed the shape factors, and 
, were unity, and the flame temperature, , was 1300 ºC for estimating the absorption 
coefficient of the upper gas laye enient to also introduce now 
some notation used in the comp t the “flame effect” 
urnin ( oFm ,&  gF
wF fT
r (Eq. (2.47)).  It is conv
arison. The dash lines represen
( ooxloxbFoF YYAm ,,,,′′& ) and the “thermal feedback effect” ( LqExternal& ) which are the first and 
second term on the right hand side of Eq. (2.22)
 [33] was used here. For more detail description of the 
xperimental program, the reader is directed to the cited source.  To calculate the heptane 
ive heat of gasification, = 1.4 kJ/g, was used instead of its 
thermo
 respectively. The dark solid line is the 
calculated fuel mass loss rate which is the summation of the dash lines. The free burning 
rate is also shown for every case.  
 
2.7.1 Heptane Pool Fire 
Experimental data for heptane pool burning in a small-scale compartment with a 
two-slit-wall-vent by Utiskul et al.
e
mass loss rate, the effect effL
dynamic value due to the presence of heat loss to the fuel container (See Appendix 
D) 
Figure 2.3 and 2.4 show the over ventilated case and Figure 2.5 shows the under-
ventilated for the pool fire. We can see that in general the calculations for heptane mass 




the vent is relatively large. The ventilation effect is almost at the free burning value 
which indicates the small reduction of the oxygen level, and the thermal feedback is also 
minimal because of a large amount of heat loss through vent flow. On the other hand, in 
Figure 2.4, 28.0≈φ ; we see more effect of the ventilation (the value is relative lower 
than the free burning), and a more significant thermal effect due to the higher gas 
temperature. In Figure 2.5, the mass loss rate is less than the free burning value and the 
calculation also shows the same behavior. In this case, 6.1≈φ , the ventilation has a 
strong effect since the oxygen concentration decreased due to small amount of incoming 
fresh air through the small vents and the filling of the smoke; eventually the flame in this 
case became weak and went to complete extinction. 
0.20


























Figure 2.3 Calculated vs. measured mass loss rate for 12 cm diameter heptane pool fire 































Figure 2.4 Calculated vs. measured mass loss rate for 12 cm diameter heptane pool fire 
with 2-slid-vent of 3 cm x 20 cm (height x width); 28.0≈φ , Free burning = 0.114 g/s. 




























Figure 2.5 Calculated vs. measured mass loss rate for 9.5 cm diameter heptane pool fire 





For a wood crib fire, we used the data taken in this study. The wood cribs were 
burned in a small-scale compartment with a doorway-like opening. The compartment and 
crib configuration (referred to Crib#2) can be found in Chapter 6. The heat of gasification 
for wood was 2.8 kJ/g [69], and the flame absorption coefficient of wood crib used here 
was 0.51 m-1 [71]. The comparisons in Figure 2.6 and 2.7 show a good agreement with 
the experiment. In general the radiation feedback is believed to not contribute much on 
enhancing the crib mass loss rate; nevertheless, it is evident from Figure 2.6 and 2.7 that 
the thermal effect can be significant and should not be ignored in the prediction.  
2.5
3.0
.7.2 Wood Crib Fire 


























of 28 cm x 30 cm (width x height); 41.0
Figure 2.6 Calculated vs. measured mass loss rate for wood crib #2 with a doorway vent 
































Figure 2.7 Calculated vs. measured mass loss rate for wood crib #2 with a doorway vent 
of 28 cm x 15 cm (width x height); , Free burning = 2.0 g/s. 82.0≈φ
 
2.8 Summary 
This section is to summarize all the previously discussed expressions that are 
necessary to estimate the compartment burning rate and fuel mass loss rate. 
The compartment burning rate: 
1 ;      





















φ       (2.56) 

















ExtbExtExternal qqq &&& += ,         (2.58) 
( ) ( ) ( )( ) ( )44,44,, 111 owbFpgfwobFpgfgbExt TTAFTTAFq −−−+−−= εεεε&   (2.59) 
( )( ) ( )( )( )44,44, 1 vwbFpFpgwvbFpFpggExt Fq =& TTAAFTTAA −−−+−− εε   (2.60) 
Free Burning Rate per unit area of fuel: 

































,&  for Crib Fire   (2.62) 
Flame and Smoke Emissivity: 
( )mfff Lκε −−= exp1         (2.63) 
( )mggg Lκε −−= exp1   
Smoke absorption coefficie





















































 for quasi-steady  (3.66) 
 
2.9 Conclusion 
ions for the compartment burning rate and the fuel mass 















enclosures on burning has b
feedback as well as the dim
stream. We have also addressed the applications of the fuel mass loss rate model and the 
burning area in ventilation-limited on pool and crib fires. A convenient approach to 
estimate the smoke emissivity as a function of the global equivalence ratio has been 
provided. A global flame extinction criterion has also been presented. Finally, the fuel 
mass loss rate model has been evaluated with small-scale heptane and wood crib 
experiments in over and under ventilated co
good agreement.  
een discussed in terms of the enhancement by the thermal 
inishment by the reduction of oxygen level in the incoming 





Near Vent Mixing Phenomenon in Compartment Fires 
 
3.1 Introduction 
In compartment fires generally there is a distinct interface between the upper layer 
(hot gases or smoke) and the lower layer (cold gas or incoming air feeding the flame) 
because of buoyancy. This interface can be very close to the floor depending mainly on 
the fire size and the opening size. However, the mass transport or mixing between the two 
layers does occur [65]. The fire plume that entrains cold gas in the lower layer due to 
buoyant effects is a primary mass transport from the lower layer to the upper layer. 
Secondary, but still significant, mixing processes can occur in compartment fires due to 
1) a cold flow injected into the smoke layer that is basically the inverse of the hot fire 
plume penetrating the upper layer, 2) wall flows [77] caused by local buoyant effects, and 
3) near opening mixing associated with the cold incoming air flow entraining the hot gas 
in the smoke layer and diffuses downward into the lower layer. These mixing phenomena 
can affect the sharp distinction between stratified compartment layers and even force a 
well-mixed gas condition in the compartment. Similar mixing also occurs as a hot jet 
emerges from an opening into another room impinging upon its ceiling. These near vent 
mixing phenomena are illustrated in Figure 3.1.  
 
Since there is some mass entrained from the upper layer, the lower layer gas can 




temperature and decrease the oxygen concentration to be less than that of the ambient air 
(21% by volume). The reduction in oxygen level then causes the ventilation effect on the 
fuel mass loss rate as described in Chapter 2.  This chapter will provide some review of 
the past studies regarding mixing phenomena as well, and will propose a new mixing 
correlation based on experimental data. Our study will be restricted to the mixing near 
vent that associates with the incoming flow only; the wall flow and forced injected cold 
flow in the upper layer are not considered here.  
 
 
Figure 3.1 Schematic of Near Vent Mixing 
3.2 Past works for near opening mixing phenomenon 
A method of characterizing the near vent mixing behavior has not been well 
established; however, some investigations have been carried out. Quintiere et al [78] 
showed a visualization for mixing near a vent using a smoke trace technique (Figure 3.2). 
They also observed in their experiment mixing occurred as the cold air jet entered the 
doorway, expanded horizontally and descended towards the floor. McCaffrey and 
Quintiere [79] suggested that the flow rate of the mixed stream can be significant relative 
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Figure 3.2 Smoke traces displaying the mixing region between cold entering air and hot 
combustion products 
Zukoski et al. [80, 81] developed a correlation for the mixing rate based on 
saltwater simulation experiments. The hot gas flow was simulated by the salt water flow, 
and the cold air counter flow by the fresh water. By this technique they were able to 
control the mass flow through the opening and measure precisely the mixing or mass 
entrained rate in doorway flow. Zukoski’s correlation was based on an assumption that 
the cold incoming flow through the opening would behave like a point source buoyant 
plume entraining the hot gas in the upper layer and then descending downward to the 




into another room impinging upon its ceiling. This is shown in Figure 3.3. BRI2002 [53], 
a two-zone model capable to predicting smoke transport in multi-compartments, also uses 
the point source plume approach with an adjusted virtual origin to describe the 
penetration of a cold gas through the hot layer. 
From point source plume theory, the entrainment is given as 
( ) 3/1*2/5plumeC plumee Qhgm ρ⋅=& ,      (3.1) 
where h is the vertical coordinate, ρ is the density of the surrounding hot gas (entrained 
gas), and Cplume is a constant for the plume. is the dimensionless driving force for 















= ,        (3.2) 
where iss the incoming flow, and plumeom ,& oρ is the density of the incoming flow. 
Rearranging Eq. (3.1) and (3.2), Zukoski proposed the ratio of the entrained flow rate to 



















.      (3.3) 
The correlation of the salt water experimental data was reasonably good for a Cmix = 0.3; 
however, Zukoski pointed out for the point source plume approach that it was illogical 
for two reasons. First, the plume theory was developed to describe the far field of a 
weakly buoyant, axisymmetric plume while the doorway plume is not axisymmetric. 
Secondly, the doorway incoming flow has initial momentum which is not always 




point source approach also appears to be challenging to apply to the data from real 
compartment fire experiments. This is due to the fact that m in Eq. (3.2) and (3.3) is 
not the total incoming flow but only the part that emerges into the hot gas layer, and may 
not be easily measured in a real compartment fire experiment. We shall discuss more 
about the point source plume approach when discussing our experimental results in 




Figure 3.3 Schematic illustrating doorway/window mixing flow 
Quintiere and McCaffrey [68] also developed a mixing model for their 
compartment crib fire experiments with some success. They treated the mixing 
differently from the point source plume approach by Zukoski.  The concept was that the 
incoming cold air behaved like a jet entering the doorway with a characteristic velocity, 
expanding horizontally, and diffusing downward because of buoyancy. While the cold air 
descended, the surrounding hot gas was entrained with a velocity that is proportional to 
the incoming flow characteristic velocity. In this study, we also use the same basic 




ignore the air jet expansion effect i.e. the width of the jet approximately equals to the 
opening width.  
 
3.3 Proposed Mixing Correlation 
In a room fire, the mass flows through the vents are driven by the pressure 
difference between inside and outside of the room. The cool incoming fresh air is 
separated from the hot outflowing combustion product by the horizontal plane called the 
neutral plane where the pressure difference across the vent is zero and the flow reverses 
direction at that height. Since the layer interface or the thermal discontinuity inside the 
compartment is usually lower than the neutral plane for a vent with bidirectional flows, 
some part of the incoming fresh air will emerge into the hot gas layer as illustrated in 
Figure 3.4 and entrains hot gas while it diffuses downward to the lower layer. This 















Considering the doorway flows in Figure 3.4, a mean velocity of the incoming air flow 








&* ,        (3.4) 
where is the total incoming air flow rate, om& oρ is the density of the incoming air, is 
the opening width, and N is the neutral plane height. The entrainment velocity is assumed 




e vv ⋅= C          (3.5) 
Hence we can write the net rate of mass entrained as 
eee vAm ρ=& ,         (3.6) 
where ρ is the density of the gas entrained, and is an effective entrainment area. As 
illustrated in Figure 3.4 we assume that there is some characteristic length scale by which 
the air jet can emerge into the hot layer; here we pick the distance between the opening 
sill to the neutral plane (  as our length scale (for a doorway which has no sill, the 
length scale is only the neutral plane height). A 3-D schematic to determine the effective 












( )[ ] ( )ZNWSNA oe −⋅+−≈ 2 ,      (3.7) 
where Z is the layer interface or the thermal discontinuity and S is the widow sill height. 
Hence, from Eq (3.4) to (3.7) we have the ratio of the mass entrained and the total 
incoming mass flow or the mixing ratio as 



















.       (3.8) 



































,      (3.9) 
where T and are the temperature of the hot gas in the upper layer and the incoming air 
flow respectively. Hence, we wish to obtain a correlation for the mixing ratio empirically 
in the form of Eq. (3.9).   
oT
 
3.4 Experiments for Mixing Correlation  
An experimental program was arranged to establish the correlation for the mixing 
ratio at the quasi-steady state. A brief description on experimental setup and 
measurement methods will be provided here; however, the reader is directed to Chapter 6 







3.4.1 Experimental Setup and Measurements  
The compartment size was 40x40x120 cm (height x width x depth). The opening 
was a single wall vent, as a doorway or window. To be able to better define the fuel mass 
supply rate, a propane gas burner was used instead of the real fuels such as liquid pools or 
wood crib. The burner with the diameter of 17 cm was filled with gravel to uniformly 
distribute the propane gas and can provide the energy release rate of up to 11 kW. By 
adjusting the width of the opening, the ventilation conditions ranged between over to 
under ventilated. The effect of the fire location on the mixing was also considered. This is 
done by placing the burner either near or far from the opening. Figure 3.6 shows the 




Figure 3.6 Compartment configuration and measurement layout 
The gas temperatures were measured using K-type thermocouples located across 
the opening, the center of the compartment and near the back wall. Two stationary gas 








Ho 0.4 m 
Opening 
= Thermocouple 




the upper layer. However, the vertical profiles for oxygen and temperature could also be 
determined by using a movable probe attached to a traverse which traveled vertically to 
collect the gas for oxygen concentration and temperature measurements at the selected 
elevations. Usually the moving probe remained at each location for 20 – 30 sec, and the 
time was recorded whenever the probe was moved. To ensure the measurements were 
perform at a steady state with consistency in every test, before we started to use the 
moving probe, we waited at least 5 minutes after a new fire setting, or until the oxygen 
levels read at a fixed point became steady. The experiment ended when we had collected 
enough data for the profile (usually from the floor to 2 cm below ceiling).  
 
The neutral plan height was determined for each test by observing the flow 
reversal of a smoke trace produced by incense sticks when moved vertically at the 
opening. The layer interface was also determined by the same smoke trace method. Here, 
the incense smoke was released in side the compartment and the flow reversed was 
observed. The temperature and oxygen profiles were also used to support the observed 
measurement for the layer interface. 
 
3.4.2 Results 
Shown in Figure 3.7, an image was captured near the opening to portray the 
mixing phenomena in our experiment. Titanium tetrachloride was used to seed the 
incoming flow near the neutral plane together with a illuminated light source to produce 





The experimental results from a typical test are shown in Figure 3.8. The gas 
temperatures and oxygen concentrations from stationary probes are presented with their 
time history. The vertical profiles for oxygen and temperature are also shown. Each plot 
on these profiles is the mean value obtained by averaging the readings over time at each 
selected elevation. Generally the oxygen profile showed a more noticeable location of the 
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Figure 3.8 Typical experimental results 
Since our interest was the quasi-steady results, a mean value to represent the 
oxygen concentrations in lower and upper and the hot gas temperature must be 
determined. For consistency purposes, a method to define the mean value for oxygen was 
used in every test as follows:  
 
As observed from the oxygen concentration results, the profiles along the vertical 
direction were relatively linear, although the oxygen in the lower layer was typically less 
uniform than that in the upper layer. Two linear curve fits were superimposed on the 
oxygen profile plots in the upper and lower layer. For the lower layer, the oxygen data 
measured between the observed layer interface to the floor were used for linear fit, while 
for the upper layer the data between the observed neutral plan and the ceiling were 
considered. The mean value to represent the oxygen level in the corresponding layer was 
picked at the middle of each linear curve fit (arithmetic average). This is shown in Figure 




to determined the mean value; however, they were used to confirm the measurement from 
the moving probe at the same particular height, and to ensure the experiment had reached 
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N = 11 cm
Z = 3.5 cm
 
Figure 3.9 Defining the spatial-mean value for oxygen concentration in upper and lower 
layer 
As for the gas temperature, the mean value was the average of the readings from 
the thermocouple trees positioned at the vent and center of the box. Only the 
thermocouples located above the layer interface were considered. We picked the readings 
to average at 10 minutes after starting the fire. This time was usually in the middle of the 
moving probe measurement (half way between the compartment floor and ceiling).  
 
Last but not least, the mass entrainment rate ratio ( oe mm && ) needed to be 
determined. It was not measured directly, but it could be accurately estimated from the 









Figure 3.10 Schematic illustrating control volume to determine oe mm &&  
From the control volume shown in Figure 3.10 we can write a steady state conservation 
of oxygen as 
( ) loxoeuoxeooxo YmmYmYm ,,, &&&& +=+ ,      (3.10) 
where , , and are the oxygen mass fraction measured in the upper layer, the 
lower layer, and the ambient air (0.233) respectively. Upon rearranging, we have 






























.        (3.12) 
Hence, based on the measurement for oxygen concentration in the upper and the lower 
layers we could now determine the mixing ratio. It should be noted that the mixing ratio 
can also be determined from the conservation of energy equation (using the temperature 
in the lower and upper layer); however, we chose not to do so since the temperature 
profile was less distinct and not as uniform through out the height. Hence, using the 
temperature would result in less accuracy than using the oxygen concentration. 
 






The data from every test in our experimental program were processed the same 
way as described previously. In total there are 37 tests and the summary of the results 
was shown in Table 3.1. 
Table 3.1 Result summary for mixing experimental program 
Vent Geometry [m] Measurement 







































1 0.10 0.28 0 0.2488 0.110 0.100 713 0.0870 0.1788
2 0.15 0.28 0 0.1244 0.140 0.120 574 0.1583 0.1987
3 0.15 0.28 0 0.1866 0.125 0.100 664 0.1412 0.1969
4 0.15 0.28 0 0.0746 0.150 0.120 479 0.1760 0.2025
5 0.10 0.28 0 0.1866 0.135 0.100 674 0.1190 0.1888
6 0.15 0.28 0 0.2488 0.125 0.090 672 0.1190 0.1978
7 0.15 0.28 0 0.1244 0.150 0.100 567 0.1666 0.1994
8 0.05 0.28 0 0.0746 0.120 0.080 583 0.1455 0.1852
9 0.10 0.28 0 0.1244 0.135 0.090 613 0.1486 0.1889
10 0.15 0.28 0 0.2488 0.135 0.090 711 0.1442 0.1995
11 0.15 0.28 0 0.1866 0.135 0.085 644 0.1521 0.1943
12 0.10 0.28 0 0.0746 0.135 0.085 504 0.1694 0.1984
13 0.15 0.20 0 0.1866 0.100 0.060 617 0.1258 0.1967
14 0.05 0.28 0 0.0746 0.120 0.060 527 0.1365 0.1722
15 0.05 0.28 0 0.1244 0.120 0.050 672 0.0955 0.1547
16 0.05 0.28 0 0.1866 0.115 0.045 807 0.0045 0.1220
17 0.05 0.28 0 0.1244 0.120 0.045 606 0.1082 0.1506
18 0.03 0.28 0 0.1244 0.115 0.040 674 0.0844 0.1435
19 0.03 0.28 0 0.1866 0.115 0.040 725 0.0349 0.1164
20 0.05 0.28 0 0.1866 0.110 0.035 681 0.0652 0.1402
21 0.03 0.28 0 0.1244 0.100 0.030 636 0.0470 0.1189
22 0.03 0.28 0 0.1866 0.100 0.030 619 0.0240 0.1111
23 0.03 0.28 0 0.2488 0.100 0.030 719 0.0101 0.107
24 0.05 0.28 0 0.2488 0.105 0.025 825 0.0327 0.133
25 0.03 0.28 0 0.2488 0.090 0.020 643 0.0247 0.1133
26 0.05 0.28 0 0.2488 0.115 0.025 697 0.0043 0.0982
27 0.15 0.21 0.07 0.1244 0.170 0.090 609 0.1522 0.1858
28 0.15 0.21 0.07 0.2488 0.160 0.085 777 0.1158 0.1781
29 0.10 0.21 0.07 0.1866 0.150 0.070 745 0.1038 0.1650
30 0.10 0.21 0.07 0.2488 0.150 0.070 827 0.0803 0.1512
31 0.10 0.21 0.07 0.1244 0.160 0.070 644 0.1294 0.1709
32 0.15 0.21 0.07 0.1866 0.160 0.070 699 0.1324 0.1780
33 0.12 0.14 0.14 0.1866 0.190 0.090 777 0.0634 0.1272
34 0.12 0.14 0.14 0.2488 0.180 0.100 838 0.0171 0.1019
35 0.09 0.14 0.14 0.1244 0.190 0.085 713 0.0586 0.1238
36 0.08 0.14 0.14 0.1866 0.180 0.090 872 0.0159 0.0954




3.5 Analysis and Discussion on Experimental Results 
Having obtained the experimental data as described in the previous section, we 
present here the application of those data to our proposed mixing correlation, referred as 
the entering jet approach,  as well as the correlation given by Zukoski [80], the point 
source plume approach.  
 
3.5.1 Oxygen Depletion in Compartment Fires 
Evidence to show the significance of mixing phenomena is that the oxygen level 
in the lower layer can actually be less than that in the ambient air. To show this, in Figure 
3.11, the mean values of the lower layer oxygen concentration were plotted against the 
ventilation factor, a dimensionless variable representing the ratio of air to fuel mass 
flow[33] or the inverse equivalence ratio. It can be seen that the lower layer oxygen 
indeed decreases from its ambient value as the ventilation factor is decreased. This, 




















3.5.2 Mixing Correlation: Entering Air Jet Approach 
We now proceed with our discussion on the analysis on the entering-jet 
correlation. Shown in Figure 3.12, the mixing ratio, calculated from Eq. (3.12) using the 
mean oxygen concentrations in the lower and upper layer, was plotted with the parameter 
presented in the right hand side of Eq. (3.9). The data were shown for doorways (open 
symbols) and windows (filled symbols). It appears that the mixing ratios are surprisingly 
well correlated with Eq. (3.9) despite the questionable assumptions on the distance the 
cold air flow through the hot layer and the effective entrainment area. The correlation 
exhibits a linear relationship up to an apparent asymptote for the mixing ratio of 1.28. 
This can be put into an expression for the mixing ratio as follow: 
1.1     1for                                                28.1


































































































Eq. (3.13) is reasonable because we would expect more mixing when the layer interface 
is low and the opening is small (small value of Z and ). But it is not obvious to directly 
see the buoyancy effect ( ). As the layer interface and the neutral height depends 
on the gas temperature (described later in Chapter 4), it was possible to express Z and N 
in terms of . This suggests that the correlation proposed here shows the effect of 
opening geometry, while the effect of buoyancy is embedded in the layer interface and 
































































Figure 3.12 Near vent mixing correlation: Entering-jet approach 
3.5.3 Mixing Correlation: Plume Approach 
In order to apply the plume approach mixing model in Eq. (3.2) and (3.3) to our 
experimental data, the estimation for some parameters based on the available 
measurements was needed. 
As mentioned previously, 
uoplumeo mm ,, && =          (3.14) 
where  is the incoming air flow that emerges into the hot gas layer. From Karlsson 












⎛ −=& ,     (3.15) 




Using the measured neutral plane height, layer interface and upper layer gas temperature, 
can be estimated. Next, mixing ratio on the left hand side of Eq (3.3), uom ,& uoe mm ,&& , can 



















⋅= ,        (3.18) 
where oe mm && was calculated from Eq. (3.12) using the oxygen measurement and the total 
incoming air flow rate ( ) is given from mass conservation as om&
Fo mmm &&& −= ,          (3.19) 
where is the total outflow from the compartment and is the fuel (propane) supply 
rate. Substituting the outflow expression from Karlsson and Quintiere [2] yields 
m& Fm&

















2 ,   (3.20) 





































.      (3.22) 
In Figure 3.13, the ratio of uoe mm ,&& from measurement is plotted against 
. The mixing correlation from salt-water modeling suggested by 
Zukoski [80, 81] and used in BRI2002 by Tanaka [53] are also shown. The data seemed 
to be scattered and did not correlate well in this manner. Also the data shows the higher 




mixing ratio than the correlation used by Zukoski and Tanaka. This may be due to that 
the estimation for uoe mm ,&& was not accurate enough since only 5% error in the measure 



























Figure 3.13 Mixing correlation: Plume approach 
Therefore, we attempted to plot oe mm && with ( ) 3/2*/)( −Δ plumeo QTT  instead and this is 
shown in Figure 3.14 where the data appeared to correlate better. Perhaps, had we been 
able to accurately measure uoe mm ,&& , the data might have correlated better.  From Figure 
3.14, linear coefficient, Cmix, for our data was found to be 0.46. The data seemed to 
correlate well for small ( ) 3/2*/)( −Δ plumeo QTT , while became slightly scattered for larger 
. The mixing also reached a constant value when the layer interface 
was closed to the floor as seen in the entering-jet approach. Hence, the expression for the 
mixing ratio for the point source approach can be written as 




( ) ( )
( ) 75.2for         ,                                28.1



















































































Figure 3.14 Alternative mixing correlation: Plume approach based on total flow 
 
3.5.4 Mixing for Well-mixed Compartment Fires: Application to a Single Zone Model 
A well-mixed condition in the compartment fire is defined when the layer 
interface or the smoke is close to the floor. The opening geometry and fire size plays an 
important role on the location of the layer interface as described later in Chapter 4 where 
some criteria for the well-mixed condition will be given. When this condition prevails, 
the properties of the gas in the compartment are said to be uniform and a single zone 
model can be effectively used to predict the gas temperature and species in the 
compartment. Nevertheless, in reality a sharp gradient of the oxygen concentration still 
exists near the floor. In other words, the oxygen that is feeding the flame is not the same 




overcome this, the mixing can be used as a mechanism to help defining the local oxygen 
feeding the flame in a single zone model.  
 
We choose to use a constant maximum value of 1.28 for the mixing ratio as 
suggested by Eq. (3.13) for the well-mixed compartment fires with a single-wall-vent 
configuration. This limit would apply when the layer is close to the floor. For 
comparative purposes, although not the same case, an empirical mixing for a small-scale 
compartment with a two-slid-vents was given by Utiskul and Quintiere [74]. This case 
has a thin slit neat the floor for inlet air. The maximum constant value of oe mm && was 
found to be 3.2 in their low-ventilation experimental study. The higher value is likely due 
to the slit having a higher velocity than a door or window.  
 
3.5 Conclusion 
An experimental study on near vent mixing phenomena has been presented. Two 
approaches for the mixing correlations, entering-jet approach and point-source plume 
approach, were described and applied to the current experimental data. The data 
correlated reasonably well by both methods, although the entering-jet method is in better 
agreement with the experimental data. The entering-jet method is also more practical to 
apply into a design tool such as a two zone model. A constant maximum value for the 
mixing in well-mixed compartment fires has been suggested for use in a single zone 
model. Last but not least, it is worth mentioning again that the mixing phenomena 






Justification the Use of Single Zone Model 
 
4.1 Introduction 
A concept of the zone model has been around since the sixties and still be a very 
powerful tool to model the behavior of the room fire. There are generally two kinds of the 
zone models: a single-zone model and a two-zone model. Each has its own merits when 
applied properly. The single zone model assumes homogeneous gas with uniform 
properties through out the compartment. The two zone model separates the compartment 
gas into the upper layer where the combustion products and fire plume reside and the 
lower layer for the remainder gas region in which the air enters. At the early state of fire 
growth or the fire plume by itself contains the combustion, but is treated as a negligible 
volume. For the developing fire where the smoke is stratified, the two zone model is a 
better representation of the processes. However, a single zone model can be a suitable 
choice for the following conditions: 1) flashover takes place and the fire reaches its fully-
developed state with a maximum involvement of the available fuel in the room, the gas 
temperature could be extremely high and becomes almost uniform through out the entire 
room. 2) The fuel area is large compared to the room floor area. The fire is therefore not 
localized and the model of homogeneous gas is a good representation. 3) The smoke 





In this study, we aim at examining the fully-developed fire with a major 
consideration on the fuel responses to the heat feedback and the oxygen reduction. The 
fire that of our interest is not a room with a small localized fire, but a room with fuel load 
such as furniture distributed all over the floor. Hence, a single zone model is our choice 
mainly due to the scope of our study for large fully-developed fires. 
 
Nevertheless, criteria that can justify the validity of a single zone approach should 
be presented with a rational background in order to show a range of fire scenarios that fits 
its assumption. As mentioned before, the hypothesis for the homogeneous gas is good 
when the fuel area is large compared to floor and the smoke layer height is low. Cadorin 
[50] uses the fuel area at 25% of the total floor and the smoke layer height at 20% of the 
compartment height as the criteria for switching from two-zone to one-zone. However, 
for our purpose, that is to justify the use of the single zone model, specifying a level of 
smoke layer height alone may not be enough. This is because, unlike the fuel area, the 
smoke layer height is not an input or initial condition for fire scenario. Hence, we shall 
examine the smoke layer height and its controlling parameter to use as our criteria that 
will determine the validity of single zone approximation. A method of calculating the 
layer height will be presented and validated with experimental results in this chapter. 
 
4.2 Compartment Layer Interface  
An analytical model developed by Rocket [82] described the classical method of 
predicting the fire induced flows in a room and the thermal discontinuity height (here 




separates the hot smoke layer and the lower cooler layer. As the plume is generally 
assumed to be a principal mechanism for transfer of mass from the lower layer to the 
upper layer, in his analysis the discontinuity height adjusts itself to a location where the 
mass rate entrained by the plume as it passes up to upper layer, equals the mass rate 
flowing out from the room. From the model, the effect of the plume size, the plume base 
location, and the sill height (in case of the window flow) to the discontinuity height has 
been illustrated. 
 
In this section we shall follow the same concept as described by Rocket to 
examine the parameters that control the smoke layer height (Z) in dimensionless form and 
consequently attempt to show some generality from our result. A model to estimate the 
layer height is now formulated and will be validated with experimental results.  
 
 
Figure 4.1 Schematic for the plume entrainment in a compartment fire 
 
4.2.1 Smoke Layer Height Estimation 
Consider a compartment with a stratified smoke layer in Figure 4.1. By assuming 













the conservation of mass in the compartment we have omm && = . Hence, the concept of 
estimating the smoke layer height could also be based on that the total mass inflow 
through the vent is equal to the plume mass entrainment rate at the smoke layer height 
( ). For an axisymmetric plume, the near-field entrainment rate (applicable to 
the flame), , is given by Quintiere and Grove [83] as   

































Z is the smoke layer height, D is the diameter of the fire (the base diameter of the plume), 
rχ is the radiation loss fraction, chΔ is the heat of combustion per unit mass of fuel, s is 
the stoichiometric air-to-fuel mass ratio. Except for variations in rχ , the combustion 
parameter,Ψ , is nearly a constant for most cases since 233.0// oxc hsh Δ=Δ , where oxhΔ is 
the heat of combustion per unit mass of oxygen (~13 kJ/g for most fuel). Upon dividing 
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Ψ=&     (4.2) 
Consider now the mass flow rate through the vent in a compartment with the stratified 
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  (4.3) 
where S is the window sill height and Cd is the flow coefficient taking value of 0.65. 
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Now let the total mass inflow rate equal to the entrainment rate, , we have 
 )        (4.5) 
**
oe mm =
 and ,ˆ,,,( **** θDSNDfz =
Hence, for a given size of fire (D) and the opening ( , and S), one can iteratively 
solve for the smoke layer height  ( ) from Eq. (4.5) if 
oH oW
*z θ  and  are known. Notice that 
statement in Eq. (4.5) is not completely correct since in reality the plume entrainment rate 
should equal to the sum of the total mass inflow rate and the near vent mixing (discussed 
in Chapter 3). However, the mixing was neglected here for simplification. 
*N
 
From Eq. (4.5), it can be seen accordingly that the smoke layer height does not 
depend on one variable but is coupled with a few parameters such as the temperature rise, 
neutral plane height, and opening configuration. Thus, to completely generalize and 
present the smoke layer height with all governing parameters may not be easy; however, 
with proper estimations of the temperature rise (θ ) and the neutral height ( ) some 
generalities may be revealed.  
*N
 
4.2.2 Experimental Validation 
In this section the calculation of the smoke layer height is compared with the 
measurements taken from our compartment fire experiments with a propane gas burner. It 




In these tests, the propane gas burner has a constant diameter but supplied different fuel 
mass flow rates. The tests can be categorized into three groups based on their and 
values as follows: 
*D
*S
Group 1: Doorway with  and , 61.0* =D 0* =S
Group 2: Window with  and , and 81.0* =D 333.0* =S
Group 3: Window with  and . 21.1* =D 1* =S
The gas temperature measured from the experiment ranges from 480 K to 840 K 
which corresponds to the dimensionless temperature (θ ) of 0.35 to 0.6. As for the neutral 
plane, we shall assume that the neutral plan is located at the middle of the opening (see 
figure 4.2). This is a reasonable assumption as the measurement showed approximately 
the same value. Hence, the dimensionless neutral plane height is given as . 
Note for large fires we except a minimum for 
5.0** += SN
θ of about 0.25 and for of about 0.5. *N
 
 
Figure 4.2 Approximation of the neutral plane location at the middle of the opening 
Based on the given value of , ,  and *D *N *S θ ,  the dimensionless smoke layer 
height ( ) can be shown as a function of or . This was done by using a built-in 
function in Mathematica called FindRoot which uses the Newton-Raphson method to 













numerically search for the solution of the nonlinear equation with a specified starting 
point.  
 
Our interest in this chapter is to examine the location of the layer interface, 
defined previously as . But it may not be the best parameter to show the relative 
location of the layer, especially when comparing the doorway case to the window case. 
This is because is the opening height and is not measured from the same reference 
level (floor) as the smoke layer. (See Figure 4.1) Hence, we shall present our smoke layer 
height results in terms of 
*z oHZ /
oH











= .       (4.6) 
Figure 4.3 shows the measured and calculated smoke layer heights from Group 1 
(  and ) in dimensionless form,  , as a function of or 
. The dark solid line is the calculation based on a value of 
61.0* =D 0* =S )/(* SHZZ o += D̂
oWD / 5.0=θ , and the dash 
lines show the variation of the calculation based on the range of the measured 
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Figure 4.3 Dimensionless smoke layer height from measurement and calculation    
(Group 1; = 0.61, = 0) oHD / oHS /
It can be seen from Figure 4.3 that the calculation tracks the trend of the measured 
data reasonably well. However, the scatter of experimental data proves that there exist 
some other controlling parameters which were omitted here or roughly approximated 
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Figure 4.4 Dimensionless smoke layer height from measurement and calculation    
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Figure 4.5 Dimensionless smoke layer height from measurement and calculation    
(Group 3; = 1.21, = 1) oHD / oHS /
Figure 4.4 and 4.5 show the measured value and the calculation of *Z for Group 2 




calculation seems to be overestimated but able to follow the tread of the data for Group 2, 
while for Group 3 the calculation is underestimated. However, it is excessive to conclude 
that calculation fails to predict a good result since we have only limited experimental data 
points. In addition, a possible reason for the underestimated result in Group 3 may be due 
to the fact that the mixing is neglected in the calculation. This could cause a significant 
effect since all the tests belonging to Group 3 have the mixing ratio that reaches the 
maximum value of 1.28 (See Figure 3.12). Generally if the mixing or the inflow rate 
increases, the plume entrainment will balance that increment and thus result in higher 
level of the smoke layer. Had the mixing been included in the calculation, the prediction 
line would have shifted up and possibly matched the experimental data. 
 
4.3 Layer Interface Generalization and Criteria for a Single Zone Model 
We now proceed our discussion to the criteria for the smoke layer height that 
justify the use of a single zone model. From the previous section, we showed that it might 
not be possible to achieve a complete generalization for the smoke layer height but with a 
rational approximation for the temperature and the neutral plane height one could have a 
rough, but sensible, idea of where the smoke layer height would be given the size of fire 
and the opening. In this section we employ the method described in section 4.2 to show 
the layer height for a typical doorway and window. 
 
It is worth mention here that some assumptions are made for all the prediction 
presented in this section as follows: 1) The neutral plan height is assumed to be at the 




approximated to be 0.5, and 3) the window sill dimensionless height ( ) is taken to 
range from 0.3 to 1. These assumptions are based on a typical window and doorway 
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Figure 4.6 Contour of the dimensionless smoke layer height for a typical doorway. 
In figure 4.6 the dimensionless smoke layer height  is shown as 
a function of nd for a typical doorway. Figure 4.7 and 4.8 show for typical 
windows with the sill height of 0.3 and 1 respectively. From these contours we can see 
that for a given size of the opening the smoke layer height decreases as the fire size 
increases. On the other hand, for a given size of fire, the smoke layer height decreases as 
the width or the height of the opening decreases.  
)/(* SHZZ o +=





































Figure 4.8 Contour of the dimensionless smoke layer height for a window with =1 *S
The effect of window sill ( ) is shown in Figure 4.9 where the same smoke layer 
height contour (
*S
*Z = 0.15) is plotted for different . It is clear from both figures that for 






height than that of the window ( > 0) with the same height and width. Figure 4.9 also 
shows the boundary for 
*S
*Z to be less or greater then 0.15 for a given opening and fire 
size. 
  
Up to this point, some generalizations for the smoke layer height in the 
compartment have been presented; however, to complete our discussion on the criteria 
for a single zone model, we need to specify a level of the smoke layer height that would 
justify the condition of the compartment to be well-mixed. In Ozone, a two-zone model 
developed by Cadorin [50], the criterion for the layer interface height is set at 20% of the 
compartment height as a default value to switch from a two-zone model to a single-zone 
model. As for our study, we shall select *Z = 0.2 to be our criterion. This selection 
although is arbitrary, it is only for informative purposes. Note that criterion used by 
Cadorin is based on the compartment height, while our criterion *Z  is based on the 
opening and the sill height. Generally Cadorin’s criterion is the same as our criterion 
when the opening height extends to the ceiling. Using the vent height location to set the 
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Figure 4.9 Contour of the dimensionless smoke layer height at *Z = 0.15 for doorway 
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Figure 4.10 A single zone model criteria: Contour of the dimensionless smoke layer 
height at *Z = 0.2 for doorway ( = 0) and window ( = 0.3) *S *S
Since we select *Z = 0.2 as an indication of the well-mixed condition, we can use 
Figure 4.10, where the contours of the smoke layer height at *Z = 0.2 are illustrated, to 




can determine if a single zone model is appropriate for a compartment fire given the size 
of the opening and the size of the fire. In addition, from Figure 4.10, as 
( )22 23≈ooWHD , the smoke layer follow the criterion *Z = 0.2 for the doorway case. 
Hence this generally says that any floor fire with diameter oAD 2/3> yields a layer 
close to the floor less than 20% of the doorway height. 
 
4.4 Conclusion 
A method to determine the smoke layer height in the compartment has been 
presented in this chapter. The method has been validated and the calculated result is in 
good agreement with the experimental measurement especially for the doorway case. For 
the window case with a high sill, the calculation is overestimated. The reason is due to 
neglecting the near vent mixing flow which, in this case, is found experimentally to be 
significant. A general criterion on the smoke layer height for a single zone model to be 
valid is selected at 20% of the height of the opening (measured from the floor). Base on 
this criterion, a plot showing the boundary between the single zone and the two zones as 
a function of opening and fire size ( nd ) has been presented. An 
approximation also shows that the criterion of the smoke layer height at 20% of the 
opening height will hold for a floor fire with diameter, 
oHD / a oWD /






Formulation of a Single-Zone Mathematical Model 
 
5.1 Introduction 
To create a complex model that could provide an absolute prediction on every 
aspect of the compartment fire behavior may not be possible at this time. Nevertheless, a 
simple, yet beneficial model could be derived in order to demonstrate the important 
mechanisms. Some discussion on the theory of the compartment burning rate and fuel 
interaction on external feedback and ventilation have been provided in Chapter 2; 
however, in order to reveal the true benefit of the theory, a complete mathematical model 
that integrates the fuel response and the enclosure heat transfers via the conservation 
relationships is needed.  
 
A single-zone model in which the compartment gas is assumed to be 
homogeneous is employed in this study to investigate the behavior of the quasi-steady but 
interactive fires. Generally a two-zone model, assuming two separate uniform-property 
zones representing the smoke layer and the lower layer, is probably more correct since in 
reality the gas properties are stratified. However, in some circumstances such as a post-
flashover fire in a small room where everything gets involved in burning, or a fully-
developed fire in a low ventilation condition where smoke layer is nearby the floor, a 
single-zone model can be reasonably used. Chapter 4 discusses a justification of using the 




chapter, we present a layout of the single-zone model that includes the conservation 
relationships, the fuel burning theory (Chapter 2), the mixing behavior (Chapter 3), and 




Figure 5.1 Schematic showing bidirectional vent flow 
5.2 Flow Dynamics 
In a room fire, the mass flows through the vents are driven by the hydrostatic 
pressure differences between inside and outside of the room. The pressure differences 
arise from the temperature differences due to fire itself or the forced ventilation system in 
the building. We only consider here the flow due to the temperature difference or the 
natural convection. Figure 5.1 shows the pressure profile inside and outside of the room 
for a single-zone model. Since the pressure is hydrostatic we have for the pressure in the 
room 
gzzpzp ref ρ−= )()( ,        (5.1) 
and for the pressure outside of the room 














where is the reference height, z is the vertical coordinate measured from , refz refz oρ gas 
density outside of the room and ρ is the density inside of the room. The pressure 
difference at any height is defined as )()()( zpzpzp o−=Δ . Hence, 
( )gzzpzp oref ρρ −+Δ=Δ )()(       (5.3) 
For a bidirectional flow at the vent, the point where the flow reverses direction is called 
the neutral plane (N) where 0)( =Δ Np . Let z = 0 at the floor, the neutral plane height 






)0( .        (5.4) 
The mass flows through the wall vent over its height can be determined by Bernoulli’s 
equation with a correction factor (known as an orifice flow coefficient) as  
dzzvWm iioi ∫ ⋅= )(Cd ρ& ,       (5.5) 
where is the width of the vent, CoW d is the flow coefficient (≈0.6-0.7) [84], and the 
subscript i represent where the flow comes from (inside or outside). The velocity at any 









= .        (5.6) 
Now letting the neutral plane be the reference level, mass flow through the vent between 






oioi dzzgWm ρρρ2Cd& ,   or 
( )( )2/32/3d 2C3
2




where za and zb are measured from the neutral plane (the reference height). Since there 
are three possible flow direction types that can occur at a wall vent: 1) bidirectional flow, 
a typical flow pattern occurring in most of stage of fire (Figure 3.1), 2) out-flow only, 
occurring in the filling stage (Figure 3.2a), and 3) in-flow only, usually taking place in 
small vent case and right after flame extinction or sudden drop in temperature (Figure 
3.2b). The types depend on the sign of the pressure differences calculated at the bottom 
and top edges of the opening giving respectively as follow: 
( )gSpp oB ρρ −+Δ=Δ )0( , and      (5.8) 
( ) )()0( SHgpp ooT +−+Δ=Δ ρρ ,      (5.9) 
where  is the height of the vent, S is the sill height, and is the pressure 
difference at the floor. Hence, in general the mass inflow through the vent is given as  
oH )0(pΔ
( )( )2/312/32d 2C3
2 zzgWm oooo −−= ρρρ& ,     (5.11) 
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The mass outflow rate through the wall vent is given as follow:  
( )( )2/332/34d 2C3
2 zzgWm oo −−= ρρρ& ,      (5.12) 
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Since the pressure in a room fire is basically at atmospheric level, assuming an ideal gas 
we have TToo /ρρ = which allows us to also write the mass flow expressions and the 
pressure difference in term of the compartment gas temperature (T) and outside gas 



























5.3 Conservation Relationships  
The conservation laws are probably the most fundamental equations describing 
transports for mass, energy, and species in a control volume. The conservation of energy 
for the compartment principally can be thought of as providing the governing relationship 
for ; the conservation of mass – the relationship for T; and conservation of oxygen 
– for the oxygen concentration. The conservation equations are given in this section; 
however, a detailed derivation of the control volume analysis in integral form is not 
presented here and the reader is directed to a more fundamental text [85] or the cited 
source [60, 86]. Figure 5.3 shows a control volume for a single-zone model. 
)0(pΔ
 
Figure 5.3Schematic showing a control volume for the single-zone model 
5.3.1 Conservation of Mass 










&         (5.13) 
Since the pressure in the compartment does not change much relative to the atmospheric 
one and assume ideal gas, we have for the gas density inside the enclosure 
















( ) 0/1 =−−+ Fooo mmmTdt
dVT &&&ρ ,      (5.14) 
where T is the gas temperature, is the outflow rate, is the inflow rate, is the fuel 
mass loss rate, and V is the enclosure volume. 
m& om& Fm&
5.3.2 Conservation of Oxygen 
The change of the species in the compartment occurs as a result of the combustion 
as well as the mass flow across the vent. Similarly from the mass equation, the oxygen 









, ,      (5.15) 
where oxω& is the rate of oxygen reacted within the control volume. Since the energy 
release rate can be given as , where oxox hQ Δ=ω&& oxhΔ is the heat of combustion per unit 
mass of oxygen. For TVTm oo /ρ=  we have, 
( ) oxooxooxoxoo hQYmYmTYdt
dVT Δ−=−+ // , &&&ρ .     (5.16) 
5.3.3 Conservation of Energy 
The energy equation is responsible for the thermal feedback to the fuel and can be 
shown in terms of the energy release due to combustion and the total loss by convection, 













where the energy release rate and is the total heat loss. Consider the differential 
term 
Q& lossQ&













dc vvv ρ .  




.    (5.18) 




Δ= .  




.    (5.19) 
The total heat loss is given as 
ventwallloss qqQ &&& += ,        (5.20) 
where is the heat transfer to the boundaries, and is the heat loss through the 
opening via radiation. These losses will be described in section 5.4. 
wallq& ventq&
 
5.4 Compartment Heat Transfer 
In the compartment fire, convection and radiation are responsible for the heat 
transfer from the hot gas to the compartment boundary. Conduction is then responsible 
for the transfer through the solid boundary. The heat transfer path can be represented by 
an electric circuit analogy as shown in Figure 5.4. In a room fire, if the structural 
elements are protected with insulation, the conduction may dominate the heat transfer 









Figure 5.4 Electric circuit analogy for compartment heat transfer 
5.4.1 Convection 
Natural convection usually is more common than force convection in the 
compartment fire. In general, the range of the convective heat transfer in the 
compartment to be from 5 to 40 W/m2K [87, 88] depending on the flow condition. An 
empirical correlation for the average convective heat transfer as a function of the 
dimensionless energy release has been presented by Tanaka and Yamada [88]. An 
alternate correlation for the convection was also proposed by Zukoski and Kubota [89]. 
Nevertheless, here for our model we will employ an empirical correlation for the 
convection, developed in a recent scale modeling study for compartment heat transfer by 
Veloo [90], as a function of the temperature rise in the compartment. This correlation is 
consistent with Tanaka and Yamada [88] and is developed for a higher range of 
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,  (5.21) 
where is the convective heat transfer coefficient and l is the length scale taken here as 





)( 0,wwcconv TTAhq −=& ,        (5.22) 
where is the wall surface temperature and  is the wall total surface area. 0,wT wA
 
5.4.2 Radiation 
Radiation heat transfer is probably the most complex enclosure heat transfer mode 
since it depends on gas temperature and the soot distribution information. Nevertheless, a 
good approximation can be made with the homogeneous gray gas assumption for the 
flame and smoke. Following an analysis presented by Karlsson and Quintiere [2], we 
have the radiation exchange between gas and the compartment wall (assuming a grey 
















& ,       (5.23) 
where σ is the Stefan-Boltzmann constant, 5.67×10-8 W/m2K, gε and wε are the 
emissivity of the gas and wall respectively. Since the wall surface will become soot 
covered as the fire moves to the fully-developed stage, it might be reasonable to set wε  to 
be unity. 
The emissivity for gas and flame have been given in section 3.4 previously as 
( )mggg Lκε −−= exp1 ,   and       (5.24) 
( )mfff Lκε −−= exp1 ,        (5.25) 
where fκ and gκ are absorption coefficients of the flame and the gas respectively, 




Assuming the flame temperature is about 1300 ºC, a differential equation describing the 




















κκκρ .     (5.26) 
 
5.4.3 Conduction 
Two methods to determine the conduction through the compartment boundary are 
presented here. The first one is to solve a transient one-dimensional heat conduction 
using a finite difference numerical solution, and the second is to solve a convolution 
integral equation for a transient heat conduction assuming the wall is semi-infinite. The 
latter method is more practical since the equations are maintained only in time without 
spatial conduction computation; however, the finite difference method was chosen for the 
model due to some the inability to implement the integral equation into our differential 
equation solver (NDSolve in Mathematica®, discussed in section 5.8).  
  
5.4.3.1 One-Dimensional Heat Conduction  
Since the height and the width of the wall are generally much larger than its 























1 ,       (5.27) 
where is the wall temperature, is the specific heat of the wall, wT pwc wρ the density of the 

























)      (5.29) 
By spatially discretizing the Eq. (5.27) with the centered difference scheme into n 
elements, we have a system of algebraic ordinary differential equations as follows: 
( ) ( )
( ) ( )






























































    (5.30) 
Boundary conditions 
( ) ( ) ( )


























    (5.31) 
 
5.4.3.2 Integral Analysis 
For a semi-infinite wall, transient conduction can be formulated in terms of 


















1 & ,      (5.32) 
where ( ) ( )0,4 0,4 wcwgwall TThTTq −+−=′′ σε& , and is the wall surface temperature. A 
numerical integration, trapezoidal rule, can be performed to integrate Eq. (5.33). From 
















































,    (5.33) 
where n is the time step and let δ is the time interval, )()1( ntnt −+=δ . It can be seen 
that the second integral involves singularity since )1( += ntτ  at the upper limit. This 
problem can be removed as follows: By Letting 
τ−+= )1(2 ntu     
we have 
at  )(nt=τ ,  or  )()1(2 ntntu −+= δ=u  
at )1( += ntτ ,  02 =u
Since τdudu −=2 , we can write the second integral in Eq. (5.33) in the transformed 
variable, u, as 
































Hence, by trapezoidal rule,  



















τ )]   (5.34) 
Now consider the first integral 
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( ) ( )


































































τ , or 

















































) ,      (5.36) 






























&&δ ,  
 ( ) ( )[ ])()1(2 ntqntqI wallwall ′′++′′⋅= &&δ . 
As mentioned before, the integral equation method is not used in our model; 
however, this is to show an alternative method, which could have been selected if a 
different equation solver had been used, to treat the conduction in compartment fire. 
 
5.4.4 Radiation Loss through the Opening 
For an enclosure with blackbody surface ( 1=wε ), the heat loss by radiation 
through the opening of area is given as [2]  oA
( ) ( ) ( )44 0,44 1 owgoogovent TTATTAq −−+−= σεσε& .    (5.37) 
 
5.5 Energy Release Rate Criteria and Flame Extinction  
As discussed in section 2.6, the condition for flame extinction can be defined by a 
flammability line that is based on a critical flame temperature below which the extinction 
























where is the heat of combustion per unit mass of fuel, L is the heat of gasification of 
the fuel, r is the stoichiometric oxygen to fuel ratio given by 
chΔ
oxc hhr ΔΔ= , and 
and are the local oxygen level and temperature of the gas that is feeding the flame 
respectively, and is the burning rate. Given and  are known, the flame 
temperature can be solved for.  
loxY ,
lT
bm& loxY , lT
fT
Referring to section 2.2, the energy release rate is given as 
cb hmQ Δ= &&          (5.39) 
Hence for a critical flame temperature of 1300 ºC, the criteria for the burning rate (or the 
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&      (5.40) 
Notice that here for the model formulation we use the oxygen fraction ( ) as a criterion 
to determine the ventilation condition while in the theory provided in Chapter 3 a global 
equivalence ratio (
oxY
φ ) is used. 
 
5.6 Fuel Mass Loss Rate 


















where is the oxygen mass fraction feeding the flame, is the fuel burning area 
(the burning area in ventilation limited, 
loxY , bFA ,
0=oxY , has been described in section 2.5), and 
is the free burning rate giving for pool fire and crib fire as follow: oFm ,′′&


































,&  ; for Crib Fire   (5.43)  
The external heat feedback is defined as follow: 
ExtbExtExternal qqq &&& += , ,         (5.44) 
( ) ( ) ( )( ) ( )44,44,, 111 owbFpgfwobFpgfgbExt TTAFTTAFq −−−+−−= εεεε& , and  (5.45) 
( )( ) ( )( )( )44,44, 1 vwbFpFpgwvbFpFpggExt TTAAFTTAAFq −−−+−−= εε& ,    (5.46) 
where and are the flaming and non-flaming projected area defined in Eq. 




When the burning becomes ventilation limited ( 0=oxY ), the burning area reduces 
accordingly to available air supply. The burning area can be determined in terms of the 
burning diameter ( ) for the pool fire or the stick burning length ( ) for the crib fire. 
Since the internal burn rate is determined from the air supply rate, the burn area must 
accordingly adjust. The remainder of the fuel area can only be vaporized by the external 


























































































   ; for a crib fire (5.48) 
 
5.7 Vent Mixing Correlation 
In order to predict the fuel mass loss rate, we need to know the local oxygen level, 
, that is feeding the flame. The near vent mixing discussed in Chapter 3 is used as a 
mechanism to determine . It has been shown for a single-zone model where the 
smoke layer is close to the floor that the mixing ratio ( ) approaches its limit value 
of 1.28. Hence, for simplification and conservative purposes the constant maximum value 
is used.  
loxY ,
loxY ,








         (5.49) 
The local oxygen feeding the flame can be determined from the control volume shown in 














, .       (5.50) 




















5.8 Model Summary and Mathematica as an Equation Solver 
5.8.1 Model summary 
Conservation Equations 
( ) 0/1 =−−+ Fooo mmmTdt
dVT &&&ρ  
( ) oxooxooxoxoo hQYmYmTYdt





Energy Release Rate Criteria 
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( ) ( ) ( ) ( ) ( )44,444 0,40, 1 oowogoogwwgwwcloss TTATTATTATTAhQ −−+−+−+−= σεσεσε&  
 
Vent Flow 
( )( 2/312/32d 2C3
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( )( 2/332/34d 2C3
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0&0 for               ,
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ExtbExtExternal qqq &&& += ,           
( ) ( ) ( )( ) ( )44,44,, 111 owbFpgfwobFpgfgbExt TTAFTTAFq −−−+−−= εεεε&    
( )( ) ( )( )( )44,44, 1 vwbFpFpgwvbFpFpggExt TTAAFTTAAFq −−−+−−= εε&  






















































































 ; for crib fire  
 
Emissivities 
( )mggg Lκε −−= exp1         
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State Variable 
T  : Compartment gas temperature 
oxY  : Oxygen mass fraction 






5.8.2 Time Integration and Equation Solver 
 As previously shown, our model composes of a system of ordinary differential 
equations which are the conservation equations, the wall heat equations, and the gas 
absorption coefficient, and algebraic equations including the flow dynamics and the fuel 
mass loss rate. The system of ODEs is considered to be a stiff problem because the time 
constant relative to the pressure variation is much shorter than the time constant of the 
temperature variation. In other words, dtdP go to zero much faster than the temperature; 
also the pressure can lead to a rapid variation in the solution. Hence, it is better to rely on 
a solver that is specifically designed and capable to treat this type of problem.  
 
 The system of ODEs in our model is solved numerically in Mathematica® using a 
built-in function called NDSolve [91-94]. For initial value problems, NDSolve uses an 
Adams-Moulton Predictor-Corrector method (order between 1 and 12) for non-stiff 
differential equations and backward difference formulas (Gear method, order between 1 
and 5) for stiff differential equations. It switches between the two methods using 
heuristics based on the adaptively selected step size. It starts with the non-stiff method 
under essentially all conditions, and checks for the advisability of switching methods 
every 10 or 20 steps. In addition to solving the system of ODEs, another useful built-in 
function called FindRoot is also used to solve for the fuel burning area and the flame 
temperature at each time step of solving the ODEs. For a nonlinear equation with one 
specified starting point, FindRoot searches for a solution using the Newton-Raphson 






Single-Wall-Vent Compartment Fire Experiment and 
Mathematical Model Application 
 
6.1 Introduction 
A single-zone mathematical model featuring important physics such as fuel 
response to enclosure effects and mixing behavior has been developed to study fully-
developed compartment fires. To validate and examine the capability of the model, a 
well-controlled experimental database is needed. A series of experiments using a small-
scale compartment is conducted in which the quantity and configuration of the fuel are 
varied under natural ventilation condition of various doorway and window widths. This 
chapter will present the detail of the experimental program along with some analysis and 
discussion of both transient and average peak properties measured and predicted. Some 
generalities of the compartment fire behavior will be examined using the experimental 
results and the model simulations. Fuel type and scale effects will be examined. 
 
6.2 Experimental Design  
6.2.1 Compartment and Vent Configuration 
The small-scale compartment was built with 2.54 cm (1 inch) thick Type-M 
Kaowool board. The compartment inner size was measured 40 cm × 40 cm × 120 cm 
(height × width × depth). Two kinds of the single-wall-vent, doorway-like and window-
like, were used. The vent height and the sill height were designed such that they 




vent was varied in each test. Figure 6.1a shows the global view of the compartment and 










Figure 6.1a Schematic showing the compartment and vent panel; Figure 6.1b Photo of a 




All joints between the walls and the ceiling were sealed using LCI300 
intumescent firestop sealant and RESBONDTM 907GF adhesive sealant to insure no 
unintended leaks. Steel angles were used to support the compartment walls and the 
instruments. On the side wall of the compartment, 22 cm × 27 cm and 22 cm × 55 cm 
transparent glass windows (5 mm thick Robax® Transparent Glass-Ceramic with thermal 
shock resistance and low thermal expansion) were installed to allow the observation of 
the compartment fire behavior and video recording. The experiments were conducted at 
the Fire Dynamics Laboratory (Potomac Laboratory), University of Maryland at College 
Park.  
 
6.2.2 Fuel Description 
The fuel configurations selected here were the crib fire and the pool fire. The crib 
fire represents the common furniture-like fire, while the pool fire corresponds to the 
horizontal or in general flat surface burning. These fuel configurations response 
differently to the heat feedback from the enclosure and hence raise our interest to 
investigate them.  
 
6.2.2.1 Crib Fire 
Two types of wood, Oak and Pine, were selected as the material for the crib fire. 
The crib configurations were designed to have surface controlled burning. Both square 







Table 6.1Wood crib description 
Crib b (m) in  jn  iL  (m) jL  (m) N  Type 
1 0.012 4 7 0.3 0.15 5 Pine 
2 0.01905 4 4 0.15 0.15 5 Pine 
3 0.012 5 5 0.15 0.15 4 Pine 
4 0.011 9 9 0.25 0.25 5 Oak 
5 0.022 5 9 0.414 0.207 3 Oak 
The crib variables are given as follows: b is thickness dimension of a stick, ni and nj are 
the number of stick i and j per layer respectively, Li and Lj are the length of stick i and j 







Figure 6.2 Wood crib descriptions 
6.2.2.2 Pool Fire 
Heptane (C7H16) was used for the pool fire tests. Two fuel pan configurations 
were used: a single circular pan with a diameter of 24.5 cm and an array of 10 circular 





Table 6.2 Heptane pool description 
Pool Pool size – Diameter (m) 
Heptane volume 
(ml) 
1 7x0.138, 3x0.147 300 
2 0.245 90 (each pan) 
 
6.3 Instrumentation 
The instrumentation was selected to characterize the thermal and flow phenomena 
of the compartment fire. The fuel mass loss, oxygen concentration, heat flux to wall, 
temperature, and pressure difference were recorded. The layout of the compartment 









6.3.1 Fuel Mass Loss 
Due to the wide range of the fuel mass used in our experiments, three load cells 
with different load capacities were used to measure the fuel mass loss. (250 g span with 
2.0 kg capacity, 600 g span with 4 kg capacity, and 4 kg span with 30 kg capacity) All 
load cells, manufactured by Automatic Timing and Controls (Model 6005D), provided 
voltage output 800 millivolts DC. To control the overshoot of the scale and prevent an 
oscillating signal, damping fluid with a proper viscosity (350 c.s. for the 250 g and 600 g 
load cell, and 5000 c.s. for the 4 kg load cell) was used in the load cell.  Figure 6.1 shows 
the arrangement of the cell underneath the compartment. Fuel mass loss in the free 
burning condition (pure air, outside) was also measured for all pool sizes and also for 
Crib 1, 2, and 3. The free burning of Crib 4 and 5 was estimated using the correlation 
given in Eq. (2.24). 
 
6.3.2 Oxygen Concentration 
Oxygen volume concentration was measured using the automotive oxygen sensor 
(Teledyn R22A). The upper and lower layer sampling gas were collected at the flow rate 
of 1.5 SCFH and passed through the soot filters (type-304 Fisher Scientific) with 
Advantest glass sheet filter (934-AH). A cold trap was also used to cool down the 
temperature of the sampling gas to approximately 25 ºC before it reached the oxygen 
sensor. The temperature and the flow rate of the sampling gas for every test were kept 
consistent with those of the calibration gas. The oxygen sensors were attached to a 
custom designed chamber allowing the sampling gas to impinge onto the sensing surface. 





Figure 6.4 Oxygen sensor setup 
6.3.3 Heat Flux 
Three Gardon gages (Model 40-15-4-36-20-21124 MEDTHERM Corporation) 
were used to measure heat flux to the back wall panel, the ceiling, and the floor. Cooling 
water supplied to the three heat flux gauges had a flow rate approximately 11 ml/s and a 
temperature of 23 ºC.  
 
6.3.4 Temperature 
Type K glass-insulated thermocouple wires were used to measure the vertical 
temperature profile across the vent, at the center of the box, and near the back wall panel. 
The surface temperatures of the ceiling, back wall, and floor were also monitored. The 
thermocouple bead diameter was approximately 1.0 -1.5 mm. The surface monitoring 
thermocouples were inserted from the outside of the wall (Kaowool board) to have half of 
their bead below the inside surface.   
 
6.3.5 Pressure Difference 
To observe the gas flow characteristic coming in and out of the compartment, 




differences near the ceiling and the floor. The transducers were connected to the electric 
manometer which gave the output signal ranged from 0 to 1 volt.  
 
6.3.6 Data Recording 
All the data were taking using data acquisition system from National Instruments. 
PCI-MIO-16-E-4 DAQ Card, which was installed to 1.0 GHz Pentium III 128 MB 
memory Dell-PC, was connected to an SCXI-1100 chassis where two SCXI-1300 
terminal block modules with 32 analog channels were installed to convert signals from 
the sensors with high accuracy. To reduce the noise that thermocouples and other 
transducers inevitably pick up when we were taking data, the negative input of a floating 
thermocouple was connected to the chassis ground within terminal block SCXI-1300 and 
then referenced to the building ground. LabVIEW version 5.1 was used to acquire, 
display and save data from the acquisition system. Data were taken at 0.5 Hz with 100 
samples to average and 6,000 scan rate. 
 
6.4 Experimental Procedure and Data Post Processing 
All tests were strictly conducted according to the same preparation steps and test 
running procedures to make data from all cases consistent and comparable. This section 
presents the routine procedure for the experiment. A post processing method to obtain the 
fuel mass loss rate will be provided, and the correction for the radiation to the 






6.4.1 Test Preparation and Procedures 
Compartment and Vent Size: Before each experiment the compartment and the 
glass window were cleaned of excess soot deposits. Kaowool board was cut to meet the 
desired shapes and assembled to the front wall panel to adjust the vent sizes. All 
connections and gaps were sealed with LCI intumescent sealant. 
 
Oxygen Analyzer: The gas sampling flow rate was adjusted to be at 1.5 SCFH. The cold 
trap was refilled with ice. The soot filter chambers were cleaned and the glass sheet filters 
were replaced. The oxygen sensors were calibrated at ambient air (20.9%) before each 
test; however, every week the zero and 15.3% calibrations were performed with a known 
concentration gas. 
 
Thermocouples: Location and noise were of concern for the thermocouples. Since we 
used the flexible wire thermocouples which could move during the experiment, before 
each test the thermocouple beads were assured to be located at the correct position as in 
the design drawing. Noise was occasionally picked up by thermocouples (also by other 
transducers) due to the connector from transducers or the ground reference was not 
properly connected to the systems. Hence before starting the actual test, it was necessary 
to pre-run the data acquisition program to see if there were any unusual signals. 
 
Load Cell: Load cell calibration was performed before each test with the standard 
weights. The fuel platform was checked so that it stayed in place and moved freely 




checked to match the fuel weight. The output signal was assured to not overshoot, 
oscillate or exhibit noise. The damping adjustment was performed as needed. 
 
Pressure Transducers: The zero adjustment was performed to the pressure transducers 
before each test. This process was done by using a bypass line to connect the pressure 
detection side to reference side so that the electric manometer gave a 0 volt output.  
 
Heat Flux Gauges: All heat flux gauges were cleaned of excess soot using a soft bush. 
The water cooling was adjusted to have a proper flow rate.  
 
Video Recorder: All tests were video taped through the side wall window. A thin film of 
soap was applied to the cleaned glass by rubbing all around until we could see through 
the glass clearly. This was to help preventing excessive soot from sticking on the window 
glass. 
 
Fuel: The wood crib was dried in the oven at the temperature of 80 ºC for at least 12 
hours, and kept in a dry tank filled with Drierite at the room temperature. The fuel tray 
was cleaned and checked for the alignment. The initial weight of the crib and the volume 
of the heptane were recorded just before starting the test. For the pool fire experiment, 
unless noticed otherwise, some water was added to the fuel pan to adjust the level of the 





After the instrumentation was prepared, the preparation for ignition commenced. 
For the crib fire experiment, the wood crib was positioned at the center of the fuel tray 
and 10 ml of heptane was used as the ignition source. For the pool fire experiment, the 
recorded amount of heptane was carefully poured into the pan. Then, the front panel was 
closed and locked tightly with c-clamps. The data and video began recording before 
ignition. 
 
For most cases, the fuel was ignited by a long match with extended holder. Only 
for the largest pool fire test (array of 10 fuel pans) the fuel was ignite by an electric spark. 
While the test was running, the flow rate of the sampling as for oxygen measurement was 
monitored and always adjusted at the 1.5 SCFH. All measurements were recorded until 5 
minutes after the fuel was exhausted. 
 
6.4.2 Data Post Processing 
The raw data taken from the oxygen sensors, heat flux gauges, and the pressure 
transducer were generally in voltage and needed to be converted using the calibration 
coefficients to the meaningful result. However, for the mass loss signal and the 
temperature reading, some post processing was performed besides the voltage 
conversion. This includes differentiating the mass loss signal to obtain the mass loss rate 
and correcting thermocouple reading in the flow field.  The post processing will be 






6.4.2.1 Fuel mass loss rate 
To obtain the fuel mass loss rate it is necessary to differentiate the mass loss 
signal. However, due to some noises that could occur during the measurement and did not 
represent any physical phenomena, a smoothing process was applied on the mass loss 
signal before any of the differentiating process was performed. A 10-point-moving 
average was usually used as the smoothing method; however, for the cases where the 
large span load cell (4 kg span) was used, more data points were needed for the moving 
average. Since the resolution of the load cell was in the order of 0.02% of its range, the 
larger span load cell would normally give a larger error in mass measurement than the 
smaller one and hence yield the larger error in the mass loss rate results. The two-point 









,&        (6.1) 
 
6.4.2.2 Thermocouple reading correction 
Due to the radiation from the flame sheet, enclosure walls, and the hot gas itself, 
the thermocouple reading might be different than the actual gas temperature. In this 
section we present a method of correcting the thermocouple reading based on the 
measured heat flux. The incident radiation heat flux to the Gardon gage can be estimated 
as 
)( gageconvmeainc TThqq −−′′=′′ && ,       (6.2) 
where is the measured heat flux from the Gardon gage, is the gage temperature 





convh is the compartment convective heat transfer coefficient given by Veloo [90] in Eq. 
(5.21).  Considering the energy balance at the thermocouple bead, we have 
4
, )( TCTCTCTCTCconvTCinc TATTAhAq σ+−=′′& ,     (6.3) 
where is the temperature of the thermocouple bead and is the thermocouple 
convective heat transfer coefficient taken value of 100 W/m
TCT TCconvh ,
2K for the thermocouple at 
the vent and the back wall and 300 W/m2K for the thermocouple above the fuel plume. 
The approximation for was based on the characteristic vent flow velocity. Upon 














     (6.4) 
By this method, a 10% - 25% correction was found. The correction results from this 
method are also consistent with the result from the method given by Diné [96], based on 
an exact calculation using shape factors for the radiation heat transfer to each 
thermocouple bead.  
 
6.5 Scope of the Experiments 
One of the key parameters that was used to present various compartment fire 
database [17, 20, 33] is Fooo AgHA /ρ , here called the ventilation factor. This 
parameter can also be viewed as the ratio of air flow to the fuel flow or the inverse of the 
global equivalence ratio. A range of opening sizes and the fuel loadings was selected to 
span over this key parameter to represent the full range of real fire conditions. The 




results. There are 14 wood crib and 3 heptane pool fire experiments in our test program 
and Table 6.3 provides the experiment conditions.  
Table 6.3 Experimental Conditions 
Test oH  (m) oW  (m) S (m) FA  Fooo AgHA /ρ
Crib1D28x15 0.28 0.15 0.15 0.234 356.3
Crib1W14x20 0.14 0.20 0.20 0.234 168.0
Crib1W14x32 0.14 0.32 0.32 0.234 268.7
Crib2D28x05 0.28 0.05 0.05 0.185 150.3
Crib2D28x15 0.28 0.15 0.15 0.185 450.9
Crib2D28x30 0.28 0.30 0.30 0.185 901.9
Crib2D28x40 0.28 0.40 0.40 0.185 1202.5
Crib2W14x06 0.14 0.06 0.06 0.185 63.8
Crib2W14x32 0.14 0.32 0.32 0.185 340.1
Crib3D28x30 0.28 0.30 0.30 0.119 1402.0
Crib3D28x40 0.28 0.40 0.40 0.119 1869.3
Crib3W14x32 0.14 0.32 0.32 0.119 528.7
Crib4D28x15 0.28 0.15 0.15 0.403 207.4
Crib5D28x15 0.28 0.15 0.15 0.414 201.8
Pool1D28x15 0.28 0.15 0.00 0.1557 536.6
Pool2D28x15 0.28 0.15 0.00 0.0472 1771.1
Pool2D28x30 0.28 0.30 0.00 0.0472 3542.2
 
 
6.6 Average Peak Result Summary 
In order to present the experiment results and the model prediction in a global 
perspective, an average peak value was determined for the significant variables from each 
test. The variables are the fuel mass loss rate, the upper layer gas temperature, and the 
oxygen concentrations. The average peak value for both measured and predicted 
variables was determined in the following manner. The time interval corresponding to the 
fuel mass changing from 80 to 30 percent of its initial mass was identified. This method 
is consistent with the averaging method used in the CIB test [7]. All variables were 




the upper layer temperature peak value, generally the gas temperature measured at the 
vent is the best representation of the upper layer gas temperature; however, in some 
cases, the flame extended outside the compartment through the vent and the 
thermocouple might measure the local flame temperature instead of the average outflow 
gas temperature. Hence, in addition to the average peak value for the temperature at the 
vent, the near back wall temperature was also presented. Arbitrarily the averaged gas 
temperature at the vent was defined as the arithmetic average of thermocouples TC3 and 
TC4, and for the temperature near back wall, thermocouple TC14 was selected for 
averaging. Table 6.4 gives the summary of the peak average results.  

























Crib1D28x15 11.62 543 425 0.86 20.14 17.50
Crib1W14x20 8.50 402 414 1.05 16.09 17.50
Crib1W14x32 9.30 506 423 0.97 19.11 17.50
Crib2D28x05 7.14 338 423 3.92 6.17 10.95
Crib2D28x15 11.62 566 539 0.09 18.48 10.95
Crib2D28x30 12.06 565 470 0.88 19.16 10.95
Crib2D28x40 13.79 533 439 0.79 18.66 10.95
Crib2W14x06 2.75 294 362 5.55 9.44 10.95
Crib2W14x32 10.44 504 549 2.39 16.46 10.95
Crib3D28x30 13.06 565 380 0.88 19.16 16.84
Crib3D28x40 13.52 339 339 10.12 20.06 16.84
Crib3W14x32 10.73 384 409 6.96 15.55 16.84
Crib4D28x15 7.41 650 527 0.24 5.96 12.07
Crib5D28x15 7.11 695 669 0.23 10.22 8.63
Pool1D28x15 12.80 448 357 1.43 2.68 54.66
Pool2D28x15 19.40 576 432 1.36 1.84 22.69





All experiments were simulated by the single-zone model and the peak average 
values from the simulations were also determined by the same process as described for 
the data. Note that for the model simulation, unless stating otherwise, the measured free 
burning rate is used as an input for oFm ,′′&  in Eq. (5.41) instead of using the correlation 
given in Eq. (5.42) and (5.43) for the corresponding crib and pool. All other inputs and 
control variables for the wood crib and heptane pool fire simulation are summarized in 
the Appendix. Figures 6.6 to 6.7 show the comparisons of the peak average values from 
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Figure 6.5Comparison of peak average fuel mass loss from experiment and prediction 
From the comparison in Figure 6.5, the single-zone model is able to predict the 
fuel mass loss rate reasonably well, although it slightly underestimates in some cases. In 
Figure 6.6 the peak average gas temperatures comparison are shown. As mention before, 
the peak average values are determined for both temperatures measured at the vent and 
near the back wall. The upper end of the error bar represents the peak average value of 




signifies the space average temperature from these two locations. The comparison in 
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Figure 6.7 Comparison of peak average oxygen fraction from experiment and prediction 
As for the oxygen concentration, the prediction seems to exhibit some agreement 
with the experiment, although it also shows fairly large discrepancy in some cases. We 




oxygen probe in the upper layer was located inside or at the flame sheet.  Another 
possible reason is the limitation of the mixing model which is based on a well-mixed 
condition and becomes too strong for the cases where the stratified smoke layer is well 
above the floor.  In addition, the oxygen concentration in the lower layer is usually less 
uniform then that in the upper layer (shown in Chapter 3), hence a single point 
measurement of the oxygen may not be a good representation for the “average” 
concentration for the entire layer.  
 
6.7 Observations and Burning Behavior 
The observations were made during the experiment and through the recorded 
video. For the wood crib fire tests, the flame generally took up to 1 minute to propagate 
throughout the crib due to the non-uniform ignition. The smoke from the wood crib fire 
tended to have a lighter color than that of the heptane pool fire. Clean burn, the situation 
where all the soot was completely burned and no soot residual was left on the walls, was 
observed in the wood crib experiments due to an achievement of the maximum 
temperature of 890ºC (Crib5D28x15). No complete flame extinction was observed in any 
experiments. From the observations we found that the burning behavior of both wood 
crib and heptane fires mainly depend on the room ventilation condition and can be 
categorized into 3 cases as follows:  
1) Steady well-ventilated burning: This is the case where the opening is large and 
the flame behavior is somewhat similar, although not identical, to the free burning since 
there is plenty of air supply. The flame stabilizes above the fuel package and the oxygen 




is less than one. (Note that the global equivalence ratio is given by oF msm && /⋅=φ , where 
the air flow is estimated by ( ) ( )[ ] 2/33/1d /1/12C3/2 −+−= oooooo TTTTgHAm ρ& [2]) 
2) Steady under-ventilated burning: This is the case where the opening size is 
reduced and the air supply is less than its stoichiometric value. The burning becomes 
ventilation controlled and a shrinking in burning area is observed. Oxygen concentration 
in the upper layer in this case is at (or close to) zero since all the incoming air is 
consumed and the GER is above one. 
3) Unsteady under-ventilated burning: This is the case where the opening is very 
small and the flame becomes unsteady due to periodic flame extinction. Both oscillating 
flames and ghosting flames were observed. The GER is above unity.  
Note that these 3 cases are consistent with the first three burning regimes 
addressed by Hu et al. [34] using a CFD model to predict for the two-slit-vent 
compartment fire experiment conducted by Utiskul et al [33].  
In order to show dependence of the burning behavior on the room ventilation, the 
peak average fuel mass loss rates per unit fuel area from all tests are presented in Figure 
6.8 with the ventilation factor, Fooo AgHA /ρ , which is the same parameter used 
before by Harmathy [17] and Bullen and Thomas [20]  to present the fuel mass loss rate 
data for various fuel types and configurations. This parameter generally shows the effect 
of room ventilation to the burning behavior. However, as described by Utiskul et al. [33] 
and Quintiere [87] there are other parameters such as the enclosure heat transfer (wall 
surface area, heat loss, etc), and the specific fuel properties (heat of gasification and heat 
of combustion for a specific fuel) that can also influent the burning. Hence, a generality 




The wood crib and liquid pool data from Harmathy [17] and Bullen and Thomas 
[20] are also included in this plot. The symbol legend used for presenting the peak 
average values is given as following.  Generally, □ and + signify a wood crib fire; ○ and 
× represent a liquid pool fire. The open symbols signify – case 1 (steady well-ventilated 
burning); half-filled symbols – case 2 (steady under-ventilated burning); filled symbols – 
case 3 (unsteady under-ventilated burning). 
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Figure 6.8 Dependence of the peak average fuel mass loss rate from current study and 




It can be seen from Figure 6.8 that our data are consistent with the existing data 
from various scale experiments and span over a good range of ventilation. The data also 
show the regime of each burning category based on the ventilation factor: above the 
ventilation factor of 400 g/m2s, the burning is steady well-ventilated (case 1); between 
150 to 400 g/m2s – steady under-ventilated (case 2); and below 150 g/m2s – unsteady 
under-ventilated (case 3). Harmathy [17] defined a boundary, for wood crib data, for the 
ventilation controlled burning and the fuel controlled burning at the ventilation factor of 
260 g/m2s which is lower than what is found in our wood crib data at 400 g/m2s.  
We will discuss further on each burning category along with the dynamic results 
and the model prediction from the selected tests that represent such category. The 
selected tests are marked by the dash-circles labeled with the letter A to E on Figure 6.8. 
The complete experimental results and the prediction for all tests are also found in the 
Appendix. 
 
6.7.1 Case 1: Steady well-ventilated burning 
Figure 6.9 shows the dynamics results along with the single-zone model 
prediction from Test A (Crib2D28x30). Figure 6.10 shows the snapshot photo of this test. 
The GER is estimated to be 0.45. The free burning rate from the same type of crib 
(Crib2) is also shown in Figure 6.9 (bottom right), and the solid line on the same chart 
represents the free burning rate “input” for the simulation. The measured compartment 
fuel mass loss rate shows a 35% value higher than its free burn value. The lower layer 
oxygen in this case barely changed from its ambient value. This shows that the oxygen 




contribution on the change of the fuel mass loss rate is mainly from the thermal feedback 
thus enhancing the mass loss rate. Signified by the dark solid lines, the single-zone model 
predictions are overlaid onto the measured variables. The predicted flame and the thermal 
feedback effects are also shown.  In this case the model seems to underestimate the fuel 
mass loss rate and slightly for gas temperature. The reason can be that since the smoke 
layer height in this case is stratified and located well above the floor (as shown in Figure 
6.11 to be approximately 50% and estimated by Eq. (4.5) to be 47% of the opening 
height), the assumption for the single zone may not be well satisfied. The near vent 
mixing model is then “too strong” for this case and causes the predicted oxygen feeding 
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Figure 6.10 Photo snapshot for wood crib burning in case 1 (Test A: Crib2D28x30) 




Figure 6.11 Caption showing approximated stratified smoke layer height (Test A: 
Crib2D28x30) 
Figure 6.12 shows the dynamic results from the wood crib experiment Test B 
(Crib3W14x32). The GER is estimated to be 0.72. The measured  compartment fuel mass 
loss rate is 30% less than its free burning rate value. This reason is due to the oxygen 
effect on the flame radiation as seen by the oxygen concentration in the lower layer that 
decreases to 15%. On the other hand, the oxygen volume concentration in the upper layer 




the burning is still well-ventilated. The predicted fuel mass loss rate shows good 
agreement to the measurement. Except for the gas temperature that is overestimated, in 
this case the model is able to provide a good prediction for most part. 








































































































































































































6.7.2 Case 2: Steady under-ventilated burning 
For this case, at the growing phase, the fire behaved similarly to Case 1 until the 
condition became ventilation-limited and the burning is controlled by the available air. 
The flaming area reduces here and the fire extends out of the vent. Figure 6.13 shows the 
transient results for Test C (Crib1W14x32). In this case, due to the non-uniform ignition, 
the flame took almost 60 seconds to spread throughout the crib. The recorded video 
shows that once the flame uniformly covered the entire crib, the fire grew similarly to 
free burning for about 50 sec then the flaming area started to shrink (as shown in Figure 
6.14c) due to the ventilation limited condition. This corresponds with the measurement 
for the fuel mass loss rate that shows a drop and the oxygen in the upper layer reaches 
zero percent at time ~ 110 sec. The prediction is able to show the same shrinking over 
time consistent with the measurement. In other words, had the fire been ignited 
uniformly, the prediction would have matched the time at which the burning area shrank 
and the fuel mass loss dropped. An attempt to estimate the shrinking burning area has 
been made from video observation as shown in Figure 6.14. This estimation is presented 
along with the prediction from the model in Figure 6.13.  
 
The model seems to slightly underestimate the fuel mass loss rate, while matching 
well with the peak gas temperature measured at the vent. In this case the compartment 
fuel mass loss rate is 50% lower than its free burning value because of two reasons: 1) the 
oxygen effect is more dominant than the thermal effect and 2) the reduction in burning 






























































































































































































































(a) Crib 3 Before ignition 
Incoming air 
(b) Full area burning 
(c) Burning at ~ 55 % of AF (d) Burning at ~ 50 % of AF
(f) Burning at ~ 35 % of AF(e) Burning at ~ 40 % of AF
Figure 6.14 Caption showing estimation for the reduced burning area in under-ventilated 
burning, wood crib experiment Test C (Crib1W14x32) 
All heptane pool fire experiments in this study were found to be in the steady 
under-ventilated burning (Case 2). The dynamics of the flame is similar, but not identical 
to that of the wood crib fire since the liquid pool fire is more sensitive to the thermal 
radiation feedback. The heptane pool experiment, Test D (Pool1D28x15) is shown in 




pans were distributed over the load platform. The ignition was started at the fuel pan 
located closest to the vent and the flame propagated through all other pans almost 
immediately. Since the heptane fuel exposing area was large and the gasified fuel was 
more than a stoichiometric need, the burning condition reached the ventilation-limited 
condition quickly. This is shown by the measured oxygen approaching near zero percent 
at about 20 s after ignition. Shrinking in burning area was observed and the flame was 
then stabilized near the vent. This case is an example of the classical ventilation-limited 
burning where the most of the flame burns outside of the vent (shown in Figure 6.16f). 
Note that the gas temperature measured across the vent in this case is basically the flame 
temperature. Despite the enhancement from enclosure thermal feedback, the measured 
fuel mass loss rate is much lower than the free burning rate because of the reduction in 
the burning area and the change of the flame location. As for the model prediction in this 
case, the model shows a sharp peak in the fuel mass loss rate about 5 s, then a sharp 
decrease due to the ensuing ventilation-limited condition. The shrinking in burning area 
predicted by the model is consistent to the estimation made from the video observations. 
Overall, the model did a reasonable job for this case; it slightly over-predicts the mass 
loss rate but underestimates the gas temperature. However, the reduction in mass loss rate 
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(a) Heptane pan layout 
(b) Full area burning 
(c) Burning at ~ 60% AF (d) Burning at ~ 40% AF
(e) Burning at ~ 20% AF
(f) Ventilation Limited Burning 
Figure 6.16 Caption showing estimation for the reduced burning area in under-ventilated 
burning, heptane pool fire experiment Test D (Pool1D28x15) 
6.7.3 Case 3: Unsteady under-ventilated burning  
Unsteady flames usually occur in a very low ventilation condition and can appear 
in several forms such as a periodically oscillating flame stabilizing above the fuel bed, 
and a ghosting flame that drifts away from the fuel bed with temporally extinction. 




PMMA pool in their compartment fire experiments, and identified the ventilation regime 
that these behaviors were seen. The recent study by Utiskul et al. [33] also showed both 
oscillating and ghosting flame phenomena of a heptane pool in a two-slid-vent small-
scale compartment fire. Chamchine et al. [97] have also seen this type of unsteadiness 
flame in their experiments using a hydrocarbon gas fuel.  
 
 
(a) Crib2 before ignition 
(b) (c) (d) 
(e) (f) (g) 
Air inflow 
Figure 6.17 Photo sequence capturing the wood crib oscillating flame in unsteady under-
ventilated burning Test D (Crib2D28x5) 
In this study, we also observed the unsteady flame in our wood crib experiments 
as well. Figure 6.17 shows the photo sequence capturing the oscillating flame from Test 
E (Crib2D28x5). The GER is ~ 1.8. The dynamic results for this test area shown in 
Figure 6.18. The fuel mass loss rate was significantly lower than the free burning rate due 




time. In this test, we observed a slow frequency (approximately 0.3 - 0.5 Hz) for the 
oscillating flame clearly seen after 1 min. and lasted until the fuel was exhausted.  
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The oscillating, or on-off flame phenomena, were also evident from the 
measurements of the pressure difference and the gas temperatures at the vent. We offer 
an explanation for this flame behavior as follows: As the oxygen concentration feeding 
the flame decreases the flame becomes weak [22] and is almost extinguished, the 
compartment temperature also reduces. The sudden change in temperature causes the 
change in the differential pressure and induces the fresh air into the compartment. This 
fresh air then revitalizes the flame which later causes the sudden increase in temperature 
and again consumes most oxygen; hence the process repeats. As for the prediction in this 
case, the model gives a reasonably good simulation for both effects. It is able to capture 
the oscillating phenomenon as shown in the predicted mass loss rate and the pressure 
differences. Nevertheless, it is worth mentioning that although the oscillating flame 
phenomena involves the extinction and re-ignition events, the current single zone model 
uses the critical flame extinction criteria, Eq. (5.38), for both events; a true ignition model 
has not been included in the current work.  
 
In this case, although the global equivalence ratio is more than one, the oxygen in 
the upper layer from both measurement and prediction shows more than zero percent. 
This means that all oxygen is not consumed due to the temporary flame extinction. In 
other words, the flame reaches its extinction criteria before the ventilation limited 







6.8 Generality of the Results 
Previously in section 6.7 (Figure 6.8), a global perspective of the fuel mass loss 
rate dependence on the ventilation factor ( Fooo AgHA /ρ ) has been presented for the 
data from this study and the large scale database. However, the ventilation factor alone 
may not be sufficient to show the generality of the compartment fire data. Dimensionless 
analysis by Utiskul et al. [33] shows that besides the ventilation factor, other variables 
such as the compartment wall heat loss, specific fuel properties, and length scale can also 
influent the compartment fire burning behavior. The wall heat loss is expressed in terms 
of the total heat loss to the fuel flow as pFoFstotal cAmAh ,′′& , where  is the total heat 
transfer coefficient (convection and radiation). In this section, the effect of the ventilation 
(
totalh
Fooo AgHA /ρ ), wall heat loss ( ), length scale, and fuel type and 
configuration will be examined using the experimental results and the single-zone model 
prediction to potentially show the generality of the compartment fire model.  
Fs AA /
 
The peak average results presented in section 6.6 will be used here. The model 
was run for a wide range of ventilation for three wood crib configurations (Crib 1 to 3) 
and one heptane pool (Pool 1). The peak average value for the prediction was also 
determined similarly to the experiment. The symbol legend used for presenting the peak 
average values is given as following.  Generally, □ and solid line signify – a wood crib 
fire; ○ and dash line – a liquid pool fire; the open symbols – case 1 (steady well-
ventilated burning); half-filled symbols – case 2 (steady under-ventilated burning); filled 




simulation line is marked with the ratio . Crib 1, 2, 3, and Pool 1 corresponds to 




6.8.1 Fuel Mass Loss Rate 
Figure 6.19 shows the fuel mass loss rate per unit fuel area with the ventilation 
factor. The free burning rate is also presented on the right-vertical axis for each crib. The 
trend predicted by the model generally agrees well with the experiment for both wood 
crib and heptane fires. The regimes of burning (case 1 to case 3) based on the observation 
in the simulation are illustrated on the plot using the horizontal arrow-head line. The 
number marked on each regime corresponds to the case 1 to case 3 and the abbreviation 
“Ext” designates the complete flame extinction. As shown by the experiments and 
simulations on the figure, the burning behavior regime of the heptane pool and wood crib 
fire do not coincide with each other. For instance, at the same ventilation factor 
( Fooo AgHA /ρ ) of 1000 g/m
2s, the pool fire is already in its ventilation-limited range 
while the crib fire is still in the well-ventilation regime.  
 
The prediction of the crib shows that in the well-ventilated regime (case 1), the 
thermal feedback enhancement does not exhibit a strong effect on the mass loss rate and 
the flame (or oxygen) effect is more dominant as seen by the less value of the crib mass 
loss rate than its free burning rate. This is also consistent with the experimental result. In 
addition, no trend is observed for the area ratio, , in the well-ventilated regime 





burning. In other words, for non-porosity-controlled cribs, the stick size is responsible for 
the mass loss rate of the different crib configuration in the well-ventilated regime.  
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           :1) Steady well-ventilated
  , :2) Steady under-ventilated

































Figure 6.19 Dependence of the peak average fuel mass loss rate on ventilation and 
enclosure wall heat loss 
In the under-ventilated regime (case 2 and 3), a general observation from the 
model and the experiment is that the mass loss rate decreases as the ventilation decreases. 




simulation as the burning is now controlled by the air inflow, oxygen reduction in the 
lower layer and higher gas temperatures as the amount of fuel ( ) is increased. Hence, 
without the scale differences, for ventilation-limited fires, the smaller the ratio  
the higher the mass loss rate. 
FA
Fs AA / ,
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 ,  : Small Scale Exp





























The simulation from the mathematical model is used to investigate the effect of 
the scale on the burning. The compartment used in the large-scale simulation is 
geometrically scaled up 4 times from the compartment size used in the experiment. This 
gives a compartment height of 1.6 m. Crib 2 and Pool 1 are also scaled up similarly to 
preserve the ratio.  Note that the number of the sticks and layers of the crib does 
not change; only the stick length and thickness increase by 4. The mass of the fuel is 
consistent with the increased volume. The free burning rates for the large-scale heptane 
pool and wood crib are determined by Eq. (2.23) and (2.24) respectively. The results are 
presented in Figure 6.20. The experimental data from Crib 2 and Pool 1 are also included. 
Similarly to Figure 6.19, the free burning rates are also indicated on the right-vertical 
axis. On each prediction line, the marked number signifies the boundary of the burning 
regime. For instance, “2 | 1” indicates the boundary between case 1 and case 2 (the steady 
well-ventilated and the under-ventilated regime).  
Fs AA /
 
Note that the free burning rate per unit area of the large scale crib is less than the 
small scale crib because of the larger thickness (b) as defined in the Eq. (2.24), while the 
free burning rate per unit area of the large pool fire is larger then the small-scale one. The 
simulation shows for the small-scale pool that at the near ventilation limited (moving 
Case 1 to Case 2) the thermal effect is dominating as evident from the increase of the 
mass loss rate to a higher than its free burning value. In the large-scale pool case the 
thermal effect is less significant. This is reasonable because the larger-scale heptane pool 
fire has a higher flame emissivity than the small-scale ( poolf ,ε = 0.68 vs. 0.22); hence, the 




wood crib fires exhibit an opposite behavior. In the small-scale crib, at the near 
ventilation limited, the oxygen effect is more dominated while in the large-scale crib the 
mass loss is enhanced more by the thermal feedback. This could be due to the nature of 
the heptane pool flame that is much sootier than the wood crib fire. In other words, the 
emissivities of both large-scale and small-scale wood crib are generally small ( crib wood,fε = 
0.18 vs. 0.05); the higher thermal feedback in the large-scale case can penetrate through 
the wood crib flame and enhance the burning more than the small-scale case.  
 
In the ventilation limited regime (Case 2 and Case 3) the large-scale configuration 
shows a higher mass loss rate in both wood crib and the heptane pool fire. Moreover, the 
flame oscillation in the large-scale simulation seems to take place at a lower ventilation 
condition than that in the small-scale. The flame extinction regime of the large-scale is 
also changed to a lower ventilation condition.   
 
6.8.2 Gas Temperature 
Figure 6.21 shows the peak average gas temperature from experiment and the 
simulation with the ventilation factor. The peak average values in the experiment are 
determined for both temperatures measured at the vent and near the back wall. The upper 
end of the error bar represents the peak average value of the vent temperature and the 
lower end for the back wall. The plot between each end signifies the space average 
temperature from these two locations. Similar to the previous shown fuel mass loss rate 
(Figure 6.19), the corresponding ratio  is presented on the plot and the prediction 





The highest temperature from the simulation for both wood crib and heptane pool fire is 
found to be at the boundary of well-ventilated and under-ventilated regime, or at the point 
where the global equivalence ratio is unity. The effect of the wall heat loss to the 
temperature is quite obvious that the gas temperature increases as the 
ratio decreases.  Fs AA /
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Figure 6.21 Dependence of the peak average gas temperature on ventilation and 




The scale effect on the gas temperature is presented in Figure 6.22. The symbol 
legend and burning regime indication are similar to the description provided for Figure 
6.20. For the liquid pool fire, the temperature predicted in the large-scale is higher than 
the small-scale throughout the range of the ventilation. As for the wood crib the large-
scale only shows higher temperature than the small-scale in the ventilation limited 
regime. The temperature from the large-scale simulation exceeds the small-scale 
temperature at the boundary of the well-ventilated to under-ventilated regime; this 
confirms a strong thermal feedback from the hot gas layer to the fuel mass loss rate 
increasing significantly at this location as described in Figure 6.20.  
 
Note that the temperature presented here is the average peak temperature, which 
does not represent the maximum temperature recorded in the experiments and the 
simulations. The maximum peak temperature measured from the largest wood crib 
experiment in our study is found to be at 890 ºC (from Crib5D28x15) and the prediction 
for this test yield a maximum temperature of 840 ºC. The dynamic results for this test can 
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Figure 6.22 Scale and fuel type effects on the compartment fuel mass loss rate 
6.8.3 Oxygen Concentration 
Figure 6.23 shows the peak average upper layer oxygen volume concentration 
with the ventilation factor. The prediction and the experiment from wood crib and 
heptane pool fires show that the upper layer oxygen reaches near zero percent in the 
under-ventilated regime (case 2) which is consistent with the definition of the ventilation 




average upper oxygen data from the well-ventilated burning (Case 1) are also at near zero 
percent and we believe this is an error in the measurement as the oxygen probe is located 
in the flame sheet in some cases where the tip of the flame extends through the vent. It is 
interesting to see that in the unsteady regime (Case 3) where oscillating flame occurs, 
both measured and predicted upper layer oxygen is well above zero percent. (Noted by a 
sudden jump of oxygen at the border between Case 2 and Case 3) This is because the 
flame extinction condition is reached before all the oxygen is used up in the 
compartment, hence the some oxygen still remain in the layer. Note that in the model the 
extinction condition is defined by a local temperature and oxygen level associated with a 
critical flame temperature of 1300 ºC. Nevertheless, if the oscillation persists and the fuel 
mass is sufficient, the temperature of the compartment may increase to the point where 
the flame condition is above the flammability limit and no longer exhibits the temporary 
extinction. Then, the oxygen may be used up and the flame reaches the steady under-
ventilated condition. In other words, the oscillation can be viewed as a transient behavior 
before reaching the steady ventilation-limited condition. This phenomenon was observed 
in the previous study by Utiskul[98] utilizing the slit-vent compartment where the 
oscillating flame was observed before and the flame later became ventilation-limited and 
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Figure 6.23 Dependence of the peak average upper layer oxygen volume concentration 
on ventilation and enclosure wall heat loss 
Figure 6.24 shows the effect of the scale to the upper layer oxygen. For the wood 
crib, the large-scale shows less oxygen concentration than that of the small-scale at the 
same ventilation factor, while the opposite trend is found in the heptane pool fire. This is 




trend of the large-scale and small-scale in wood crib and heptane pool fire in the well-
ventilated condition.  
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Figure 6.25 Dependence of the peak average lower layer oxygen volume concentration 
on ventilation and enclosure wall heat loss 
The lower layer oxygen is shown in Figure 6.25 and with the scale effect in 
Figure 6.26. The prediction is less good than the upper layer oxygen but remain 
reasonable agreement with the experiment. As seen from the prediction line the lower 
layer oxygen reaches the minimum level of 9 % which corresponds to when the upper 




is much steeper that that in the upper layer which is more uniform, hence the 
measurement at a fix point may not represent the oxygen in the lower layer well for all 
experiment since the layer height and the neutral plane are different for each experiment. 
The scale effect for the lower layer oxygen is similar to that for the upper layer. For the 
heptane pool fire the larger-scale has less oxygen concentration then the small-scale, and 
the opposite trend of the scale effect shows for the wood crib fire. 
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6.8.4 Fuel Burning Area 
In ventilation limited fire, the burning is controlled by the available air supply and 
the shrinkage in flaming area may occur as described previously in Chapter 2 and 
observed in the experiment (Figure 6.14 and 6.16). An attempt to estimate the area 
shrinkage using by the video observation is made and compared with the area shrinkage 
predicted from the model. We are aware that there is a high uncertainty associated with 
the method used for estimation of the area shrinkage; however, the purpose is to 
qualitatively demonstrate the existing of the phenomena that is also observed in the 
model, not to precisely evaluate the model. This is shown in Figure 6.27. The estimation 
for the area shrinkage is mainly from the small-scale case using Crib 1 where  9 
and the prediction for this case is also included. The results show that as the ventilation 
decreases, the burning area shrinks more. From the simulation, the effect of the scale to 
the area shrinkage for wood crib is very minimal as shown by the overlap results from the 
small-scale and large-scale. On the other hands, for the heptane pool fire, the burning 
area shrinkage is more in the large-scale simulation.  
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As/AF = 46Large Scale (x4)
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Figure 6.27 Burning area shrinkage in ventilation limited fires 
Since the shrinkage in burning area is evident in the ventilation-limited fire as 
shown by our result, this phenomenon can be responsible for the reduction of the fuel 
mass loss rate in the ventilation-limited condition (Figure 6.8, 6.18, and 6.19) and can 





6.9 Conclusions  
The experimental program burning wood crib and heptane pool in a single-wall-vent 
compartment has been conducted and presented in detail. Some observations have been 
given and the burning has been categorized into 3 cases based on the observed behavior 
and the ventilation parameter ( Fooo AgHA /ρ ). The 3 cases are: 
1) Case 1: Steady well-ventilated burning. This is the case where vent is large and 
the global equivalence ratio is less than one. The flame stabilized above the fuel, 
and the oxygen in the upper layer is above zero. 
2) Case 2: Steady under-ventilated burning. This case the opening size is reduced 
and the global equivalence ratio is less than one. The burning is ventilation-
limited and the fire area shrinkage occurs. Oxygen in the upper layer is at or near 
zero. The oscillating flame may take place if the extinction criterion, depending 
on the local temperature and oxygen, is reached. But the oscillation is only a 
transient stage for this case and the flame eventually reaches the steady stage 
where no oscillation occurs and become under-ventilated.  
3) Case 3: Unsteady under-ventilated burning. In this case the opening size is the 
smallest among all cases. Periodic oscillating flame is observed. The global 
equivalence ratio is less than one; however, the oxygen in the upper layer is above 
zero. In this case the extinction criterion is reached and the oscillating flame 
occurs until the fuel is exhausted. Throughout the burning, the flame does not 





The transient and peak-average results have been systematically presented along 
with the predictions from the single-zone model. The model is able to predict the fuel 
mass loss rate with good agreement to the measurements and can reveal the important 
mechanisms: the oxygen effect and the thermal feedback effect. The prediction for the 
temperature has a qualitatively good agreement with the experiment. In the largest wood 
crib experiment (Crib 5) the maximum gas temperature is achieved at 890 ºC and the 
prediction yields 840 ºC. 
 
From a global perspective, the model is sufficient to predict the trend and follow 
the data from the larger scale experiment. Some generalities of the results have been 
presented. The effect of the ventilation compartment wall heat loss ( ), fuel type 
and configuration, and scale has been demonstrated using the peak average data from the 
experiments and the single-zone model simulations. For ventilation-limited fires, the 
higher the ratio, the higher the fuel mass loss rate and gas temperature. The peak 
temperature is achieved at the boundary between well-ventilated and under-ventilated 
regime or at the near stoichiometry global equivalence ratio. The large-scale simulation 
achieves a higher peak temperature than the small-scale. In the large-scale heptane pool 
fires, the thermal feedback is not as significant as in the small-scale pool fires due the 
scale effect on the flame emissivity. The less scale effect, however, is found on the crib 












The following conclusions can be drawn from this dissertation. 
• A theoretical model for the compartment fuel mass loss rate that accounts for the 
enhancement by the thermal feedback and the diminishment by the vitiated 
oxygen in the incoming stream has been presented and validated with wood crib 
and heptane pool experiments. The comparison shows good agreement and 
confirms the application of the model to the common fuel configurations. 
• An empirical correlation for the near-vent mixing of oxygen into the lower layer 
floor layer has been developed for the first time. Two approaches, entering-jet and 
point-source plume, were examined and the entering-jet method was in a better 
agreement with the experimental data. This correlation is essential to for 
predicting the oxygen effect on the fuel mass loss rate modeling. A constant 
maximum value of 1.3 for the mixing ratio in well-mixed compartment fires with 
single-wall-vent has been suggested for use in a single-zone model.  
• A criterion for a single-zone model to be valid in fully-developed fires has been 
established based on the smoke layer interface at 20% of the opening height. A 
theoretical method to determine the layer interface has been described in 
dimensionless form and validated with experiments. Some generalities of the 




approximation from the complete result suggests that any floor fire with diameter, 
oAD 2/3>  yields a layer interface close to the floor less than 20% of the 
doorway height.  
• A single-zone fully-developed compartment fire model that accounts for the fuel 
type and configuration has been established. The model is capable of predicting 
the gas temperature and the fuel mass loss rate that can relate to the burn time in a 
fire for any fuel, scale and ventilation.  
• Single-wall-vent small-scale compartment fire experiments have been carried out 
for wood cribs and heptane pools. From observations, the burning is categorized 
into 3 cases: Case 1: Steady well-ventilated burning where φ < 1, and the flame 
stabilizes above the fuel, Case 2: Steady under-ventilated burning where φ >1, the 
fire burning area shrinks, the flame burning steadily at the vent is observed, and 
the oscillation may occur in transient stage, and Case 3: Unsteady under-
ventilated burning where φ >1, the oscillation is observed and all oxygen is not 
used due to unsteadiness burning.  
• The single-zone model is able to reveal the full range of phenomena associated 
with fully developed fires as observed in the experiment: response of fuel to 
thermal and oxygen effects, fire area shrinkage, oscillation, and extinction. The 
model also shows good agreement with the experimental measurements. 
• Fuel type, scale, and heat loss ( ) effects have been demonstrated with the 
model simulations and the experiments. Generally, the higher temperature and 
mass loss rate are achieved with the bigger scale and the lower ratio of  
Fs AA /




The maximum temperature and mass loss rate is achieved when ≈φ  1 or at the 
border between the burning Case 1 and Case 2. The scale effect on the flame 
emissivity of the heptane pool fires is more than that of the wood crib fires. The 
fire area shrinkage can be the reason for the fuel mass loss rate to follow the same 
trend as the burning rate in ventilation-limited fires.  
 
7.2 Suggestion on Future Work 
• Although the single-zone model has been compared with the small-scale 
experiment and shows satisfying results, a comparison with the large-scale has not 
been carried out. This could be done in the future work to demonstrate the 
capability of the model for predicting the large-scale data available in the 
literature. 
• The model can be used as a tool to strategically obtain the key dimensionless 
variables that can improve the correlation of the large body of literature data. 
• The fuel mass loss rate model can be implemented into the more general two-
layer-zone model along with the mixing correlation developed in this study to 
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Figure A.2 Experiment and Prediction: Crib 1 – Window – 14 cm x 20 cm (HoxWo), S = 

















































































































































































































Figure A.3 Experiment and Prediction: Crib 1 – Window – 14 cm x 32 cm (HoxWo), S = 
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Figure A.9 Experiment and Prediction: Crib 2 – Window – 14 cm x 32 cm (HoxWo), S = 
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Figure A.12 Experiment and Prediction: Crib 3 – Window – 14 cm x 32 cm (HoxWo), S = 
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L = mb 
2 n b 
b 
N = Number of stick layers 
n = Number of stick per layer 
b = Side dimension of square stick 
L = Stick length 
s = Stick spacing 
and define      bLm /=
 
Top Layer 
22 )(42 nbmbbbAstick −+=  
 
Bottom Layer 
22 )(32 nbmbbbAstick −+=  
 
Middle Layer  






Total exposed area for square crib 
 
( ) ( ) ( )nnbmbbbnnbmbbbnNnbmbbbAF 222222 )(32)(42)2(2)(42 −++−++−−+=  
 






Lj = mjb 
2 nj b 
b 
3 4 






N = Number of stick layers 
ni = Number of stick i per layer 
nj = Number of stick j per layer 
b = Side dimension of square stick 
Li = Stick i length 
Lj = Stick j length 
s = Stick spacing 
bLm ii /=  
bLm jj /=  
 
For even N  (let bottom layer be stick i) 
Bottom  Layers 
22











, 2)(42 bnbmbbA jiistick −+=  
22
, 2)(42 bnbmbbA ijjstick −+=  
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For Odd N  (Let bottom and top layers be stick i) 
 

















, 2)(42 bnbmbbA jiistick −+=  
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, 2)(42 bnbmbbA ijjstick −+=  
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Effective Heat of Gasification for Heptane 
 
The effective heat of gasification, , was experimentally approximated. By using the 
cone calorimeter, the mass loss rate was measured for a given incident heat flux. Two 
heptane pool configurations were examined: heptane with added water and heptane 
without water. A Pyrex® pan with diameter of 9.5 cm was used as a fuel pan and placed 
on the Kaowool® M-Type board. The results are as follows: 
effL
Fuel Area = 0.0071 m2
Test Mass Loss Rate (g/s) Heat Flux (kW/m2) Heat (kJ) Mass Loss Rate (g/s-m2) L
Heptane1 with water 0.0170 3.4500 0.0245 2.3903 1.4433
Heptane2 with water 0.0371 7.0000 0.0496 5.2319 1.3379
Heptane 1 0.0280 3.4000 0.0241 3.9486 0.8611
Heptane 2 0.0285 3.5000 0.0248 4.0191 0.8708
Heptane 3 0.0580 7.2000 0.0511 8.1793 0.8803
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